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EXECUTIVE SUMMARY
‘Spiriferid’ brachiopods, defined by their possession of well-developed spiralia, have 
been considered to play an important role in the late Palaeozoic marine ecosystem,
characterised by great abundance, high diversity, and wide geographic distribution. At the 
same time, these brachiopods also exhibited considerable morphological variations and shell 
structures, presumably in response to different local environments and climates. During the 
Permian this brachiopod group demonstrated great diversity and was widely distributed in the 
northern marginal shelf of Pangea. This shelf was composed of the present-day Arctic regions 
and was, in general, characterised by temperate to cold-temperate conditions. The purpose of 
this thesis is twofold. First, it provides a detailed systematic palaeontological study of the 
Permian spiriferid brachiopods from Spitsbergen, as well as some selected spiriferid 
brachiopods from Arctic Canada. Secondly, this study also investigated the classification, 
phylogeny, biogeography, and morphological fluctuation of the Permian spiriferids.
A total of eighteen brachiopod species are described and illustrated from the Kapp 
Starostin Formation in Spitsbergen and from the Assistance Formation in Devon Island, 
Arctic Canada. The whole brachiopod fauna from the Kapp Starostin Formation demonstrates
strong affinity to the Permian Boreal Realm, and comprises several stratigraphic assemblages, 
showing a westward transition of palaeobiogeographical affinity from the Uralian to 
Franklinian provinces between Artinskian and Capitanian. It is also strongly influenced by
nutrient-rich deep bottom water upwelling currents on the northern margin of Pangea.
A cladistic approach to the phylogeny of Late Palaeozoic spiriferoidean brachiopods
shows that the current neospiriferin grouping does not represent a mono-phyletic group; 
rather it is a mixture of numerous genera with different lineages. Additionally, the cladistic 
analysis also shows that the morphological similarity among several spiriferid genera might 
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be best explained as a consequence of convergent evolution that occurred in the middle
palaeolatitudinal regions of both hemispheres during the Permian.
While focussed on Permian spiriferids, this thesis has also applied some novel 
techniques to the study of brachiopod shape and internal structures. Through the use of three-
dimensional (3D) surface scanning technique, the geometric morphometrics is performed on 
the shell morphology of some neospiriferin species. It reveals that despite conspicuous 
variation in sulcal development the outline shape of each studied species remained stable, 
suggesting that the development of sulcus was not a feature of phylogenetic significance, 
rather a reflection of local environmental control and adaptation.
The other 3D method used in this thesis is the X-ray microtomography (XMT) in order 
to reveal internal structures of brachiopod shells without destroying the shells. Remarkable, 
high-resolution multiple axial sliced images, which then enabled us to build 3D brachiopod 
shell reconstruction models show clear shell surface as well as internal structures. Although 
this study confirms the great potential of XMT technique in palaeontology, the resolution of 
the images and 3D reconstruction models obtained through this technique does strongly 
depend on several crucial factors, including the mineral composition, texture, as well as the 
degree of diagenetic alternation of the brachiopod shell with respect to infilling sediment 
matrix within the shell.
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1Chapter 1. Introduction and overview of research
1.1. Aims of study
Brachiopods are marine sessile, benthic, filter-feeding organisms whose soft parts are 
generally enclosed in two valves and, collectively, have generally been regarded as a 
monophyletic group placed in the phylum of Brachiopoda (Rowell, 1982; Carlson, 1995; 
Williams et al., 1996, 2000). Although there is as yet no firm consensus on the origin of 
brachiopods, they probably originated in the Early Cambrian and became one of the most 
diversified and dominant marine animals during Palaeozoic times. Despite having been 
adversely affected by several mass extinctions through the Phanerozoic which have 
substantially reduced their diversity and ecological dominance role in the marine ecosystems, 
the phylum is still surviving in the present-day oceans, albeit with much reduced species 
numbers compared to their hey days in the Palaeozoic or relative to other living benthic 
marine organisms. Importantly, the brachiopods suffered a severe mass extinction at the 
Permian-Triassic transition ~252 Ma, with ~91% of species wiped out worldwide (Chen et al., 
2005). Following the mass extinction, bivalves and gastropods took over the brachiopods 
dominant role in the Palaeozoic oceans and ecosystems, both numerically and ecologically 
(Clapham and Bottjer, 2007; Fraiser and Bottjer, 2007). However, despite decades of research 
and voluminous publications, many biological, ecological and macroevolutionary aspects of 
Brachiopoda remain unclear. For example, we still do not have a deep understanding as to 
why brachiopods as a group, so dominant and successful in Palaeozoic oceans, nearly died 
out completely at the end of the Permian, and why bivalves and gastropods, which, relative to 
brachiopods, only had subordinate roles in Palaeozoic marine benthic communities in terms 
of species richness, abundance and ecological breadth, became so successful and dominant in 
Mesozoic and Cenozoic marine ecosystems. It is therefore clear that further studies of 
2Palaeozoic brachiopods have an important role in improving our understanding of 
macroevolution, including aspects of biodiversity evolution, evolution of marine benthic 
communities over geological time and causes and processes of mass extinctions.
This research is mainly concerned with the investigation of spiriferids sensu lato, one 
of the most abundant and diverse brachiopod groups in the mid-late Palaeozoic (Devonian, 
Carboniferous and Permian periods). Other brachiopod groups (Productida and 
Rhynchonellida) are also included in this thesis, but the number of species described here is
small compared to the spiriferids owing to the limitation of fossil material available to this 
study (see 1.3 section). The spiriferids, composed of two orders, Spiriferida and Spiriferinida, 
have been subject to many previous studies due to their peculiar morphology including a 
well-developed coiled structure called spiralia (Fig. 1.1). As a result, a considerable amount 
of knowledge has been generated about the taxonomy, biology, and ecology of these extinct 
animals, the most recent of which have included: (1) the discovery of oldest spiriferids from 
the Upper Ordovician of South China (Rong and Zhan, 1996); (2) the revelation of punctation
of the spiriferid shell as a critical defining character separating the spiriferide from 
spiriferinide brachiopods (see Carter and Gourvennec, 2006); and (3), more recently, the 
exploration and discussion of the functional relationship between sulcus development and 
spiral structure among spiriferid brachiopods (Shiino, 2010; Shiino and Kuwazuru, 2010).
However, despite the significant progress in recent research on the spiriferids, there 
remain numerous unresolved questions related to this group. Among these unresolved 
questions, many are concerned with the Late Palaeozoic (Carboniferous and Permian periods) 
spiriferids because (1) they exhibit an extraordinarily diverse range of morphologies and 
consequently high species diversity, and (2) then as a group (i.e. the Order of Spiriferida) they 
suffered a nearly complete extinction through the Permian-Triassic transition (only the 
Ambocoelioidea survived the mass extinction and extended to the Upper Triassic). One of the 
3Figure 1.1. Internal morphology of spiriferid shell in the anterior view, showing well-
developed spiralia (modified from Carter and Gourvennec, 2006).
current issues concerning the Late Palaeozoic spiriferids is their origins and phylogenies –
this question has been little investigated in the past and, therefore, there is a lack of 
understanding of both the taxonomic classification and phylogenetic relationships among the 
spiriferid brachiopods. Moreover, little is known about the functional morphology and 
palaeoenvironmental significance of the diverse range of shell morphologies, especially shell 
surface ornamentation, displayed by the Late Palaeozoic spiriferid brachiopods.
Thus, this study is aimed to address some of the aforementioned questions surrounding 
the taxonomy, classification, phylogeny, ecology, and biogeography of the Late Palaeozoic 
spiriferids based on fossil collections primarily from the Arctic region, Svalbard. Specifically, 
the research aims of this thesis are:
x To systematically describe the Permian brachiopods, mostly spiriferids, from 
Svalbard and adjacent Arctic regions,
x To update and taxonomically substantiate the brachiopod-based biostratigraphy and 
4age assignments of the brachiopod-bearing rock formations of the studied sections, 
and to establish a biostratigraphic correlation framework within the Permian 
international timescale between the Permian brachiopod faunas of Svalbard and 
those of other Arctic areas,
x To document and discuss the palaeobiogeographic affinities of the Svalbard 
brachiopod faunas and the palaeoclimatic implications,
x To undertake a cladistic analysis of Late Palaeozoic spiriferide brachiopods as an 
independent test of current scenarios regarding the phylogenetic relationships of 
spiriferid genera,
x To investigate why certain Permian spiriferid genera from disparate localities of the 
two hemispheres demonstrate considerable morphological similarities (this is a 
question about the nature and origin of the much publicised Permian biotic 
antitropicality), and
x To test the utility of the recently developed three-dimensional (3D) scanning 
technology to the study of fossil brachiopods. This novel aspect of the research was 
aimed at demonstrating the validity and associated caveats of modern technology 
to the field of palaeontology – a rapidly developing new area of research in this 
field.
1.2. Previous work on Upper Palaeozoic palaeontology of Svalbard
Svalbard is an archipelago of Norway located in the Arctic. It is situated about 650 km 
north of Scandinavia, midway between mainland Norway and the North Pole. Greenland and 
Canadian Arctic Islands are located to the west of Svalbard, whereas Franz Josef Land and 
Novaya Zemlya, both belonging to Russia, are to the east (Fig. 1.2). According to the 
5Figure 1.2. Map of the Arctic area including Svalbard and Canadian Arctic Islands (modified 
from Jakobsson et al., 2012). Red line marks the plate tectonic boundary between the North 
American and Eurasian plates.
Svalbard treaty signed in 1920, the archipelago is defined to be all islands ranging from 74°
to 81° north latitude and from 10° to 35° east longitude, which therefore includes Spitsbergen, 
Nordaustlandet, Barentsøya, and Edgeøya, Prins Karls Fortland, Kong Karls Land, Kvitøya, 
Hopen, and Bjornøya. The landscape of Svalbard consists of many fjord systems and 
mountains with glaciers. Although about 60% of Svalbard is covered with glaciers, there are 
6numerous well exposed continuous stratigraphic sections due to sparse vegetation and erosion 
by glaciers, particularly in central Spitsbergen. 
As geological investigation to Svalbard began in the early 19th century in spite of the 
harsh natural climate and extensive glacier distribution, diverse marine fossils from the Upper 
Palaeozoic started to be reported. In particular, brachiopods occupied a major part of all 
recorded macrofossils. The abundance and significance of brachiopods in Upper Palaeozoic 
rocks of Svalbard are evident through the naming of several stratigraphic units with some 
characteristic brachiopod taxa, such as the ‘Spirifer Limestone’ named by Nordenskiöld 
(1871) to represent the Vøringen Member and the ‘Brachiopod Cherts’ named by Gee et al. 
(1952) to characterise the whole Kapp Starostin Formation. 
The first detailed taxonomic study of the Late Palaeozoic brachiopods from Svalbard 
was conducted by Toula (1873, 1875). Subsequently, several large Carboniferous to Permian
brachiopod faunas from Svalbard were also described (Wiman, 1914; Frebold, 1937; 
Stepanov, 1937; Ustritsky, 1962; Gobbett, 1963). Among these studies, Gobbett (1963) gave 
a detailed review of earlier palaeontological research concerning Upper Palaeozoic fossils of 
Svalbard. In the same monograph, he described 143 Carboniferous to Permian brachiopod 
species that had been collected by a number of international expeditions to Svalbard.
Ever since Gobbett’s work, investigations on Upper Palaeozoic brachiopod faunas of 
Svalbard have continued till this day. Ustritsky (1979, 1980) and Biernat and Birkenmajer 
(1981) described several Permian species and gave accounts on their ages. Malkowski (1988)
analysed the relationship between the morphology of the Permian productid brachiopods 
from the southern part of Spitsbergen and their ecological conditions. Nakamura et al. (1987, 
1990, and 1992) proposed a brachiopod-based biozonation scheme with a succession of 
brachiopod assemblages and discussed their ages and correlations for Spitsbergen, but this 
scheme was debated by some subsequent researchers (see Stemmerik, 1988 and Nakrem et al., 
71992). More recently, Shen et al. (2005) and Angiolini and Long (2008) provided further 
systematic descriptions of Spitsbergen brachiopods, the former specifically concerning 
Carboniferous and Permian chonetids while the latter focussed on an Early Permian 
brachiopod fauna.
Apart from research on Upper Palaeozoic brachiopods, significant palaeontological 
attention has also been paid to, and information is available on, other fossil groups, including 
bryozoans (Malecki, 1968, 1977; Nakrem, 1988, 1994a, 1994b, 2005; Nakrem et al., 2009),
corals (Fedorowski, 1964, 1965, 1967, 1975; Birkenmajer and Fedorowski, 1980; Ezaki and 
Kawamura, 1992; Chwieduk, 2007), foraminifers (Forbes, 1960; Sosipatrova, 1967, 1969;
Solov'yea, 1969; Nilsson, 1988; Igo and Okimura, 1992), conodonts (Szaniawski and 
Malkowski, 1979; Nakrem, 1991; Buggisch et al., 2001), molluscs (Yochelson, 1966;
Karczewski, 1982; Nakazawa, 1999), trilobites (Osmolska, 1968; Kobayashi, 1987; Brunton, 
1999), ostracods 2OHPSVNDDQG%áDV]\N, as well as micro-plants (Playford, 1962a,
1962b; Mangerud and Konieczny, 1991, 1993).
Despite these extensive past studies, the ages, international correlation, and detailed 
biogeographical affinities of many of the Upper Palaeozoic faunas are still poorly constrained 
and understood. To date, the Permian biostratigraphical framework proposed by Nakrem et al. 
(1992) remains the mostly widely used, but it did not provide the precise age at the stage 
level, nor did it discuss the international correlation potential for any of the faunas. It is thus 
hoped that this thesis will address some of these remaining issues.
1.3. Material and methods
1.3.1. Studied brachiopod material
8This study is mainly based on brachiopod material collected from Carboniferous to 
Permian strata in Spitsbergen, the main island of the Svalbard Archipelago (Fig. 1.2). The 
Spitsbergen specimens largely consist of three collections. The first one was collected by 
members of the Geological Survey of Japan during an expedition to Spitsbergen in 1986, led 
by Professor Keiji Nakazawa (Kinki University in Higashosaka, Japan) with an aim to 
investigate Carboniferous to Jurassic strata. The second collection was made by the Japanese-
Norwegian Research Group (JNRG) during their field investigation of Carboniferous to 
Permian rocks of Spitsbergen in 1989-1991. A preliminary study of both of these collections 
was conducted by Professor Koji Nakamura (Hokkaido University in Sapporo, Japan), who 
provided lists of brachiopod species names that were included in two separate papers 
(Nakazawa et al., 1990; Nakamura et al., 1992). Limited by the nature of these preliminary 
reports and a plan for further detailed follow-up studies in subsequent years, these reports did 
not provide any systematic description for the brachiopod material. Subsequently, Professor 
Jun-ichi Tazawa (Niigata University in Niigata, Japan), a member of JNRG and a brachiopod 
expert, was charged by both of these two earlier expedition teams with the responsibility of 
systematically documenting and publishing their entire brachiopod collections. However, 
during an academic visit to Niigata University by Professor Guang R. Shi and Professor Shu-
zhong Shen, they were both invited by Professor Tazawa to participate in a cooperative 
research effort to jointly study and publish the entire Spitsbergen brachiopod collections. As a
result, the spiriferid brachiopod component was transported to Australia (to Professor Guang 
Shi’s laboratory at Deakin University in Melbourne), the chonetid brachiopods went to 
Professor Shen in China (Nanjing Institute of Geology and Palaeontology, Nanjing, China), 
while the remainder of the Spitsbergen collections, mostly productids, remained with 
Professor Tazawa in Japan. Subsequently, Shen et al. (2005) have systematically documented 
9the chonetid brachiopods, and Professor Shi passed on his ‘spiriferid’ responsibility to the 
present author as the primary material for a PhD project.
The third collection of the studied Spitsbergen material was collected by the present 
author and his colleagues of the Korea Polar Research Institute (KOPRI) during a field 
expedition to the vicinity of Ny-Ålesund, Spitsbergen, in 2012. The KOPRI collection also 
includes both Carboniferous and Permian fossils, but only the Permian brachiopods from the 
Kapp Starostin Formation are described in this thesis. The detailed palaeontological 
investigation for the remainder of the KOPRI collection will be for another project as plans 
have been drawn up to undertake more field expeditions to Spitsbergen in the next few years.
Although this study primarily deals with the Carboniferous to Permian brachiopod 
faunas collected from Spitsbergen, the whole thesis has also utilised or referred to other 
various collections. As a part of the taxonomic study, some Arctic Canadian fossils originally 
collected in 1955 by R. Thorsteinsson of the Geological Survey of Canada (GSC) from the 
Grinnell Peninsula of Devon Island (Fig. 1.2) are also included. Additionally, a few 
specimens from Permian strata in Australia, Russia, and China have also been observed and 
imaged for taxonomic comparisons and other aspects of study covered in this thesis. Apart 
from systematic palaeontology, the present study has also performed several experiments for 
studies to test the validity of the three-dimensional (3D) scanning technologies to 
palaeontology by using Devonian to Permian brachiopod shells from Australia, Timor, China, 
and USA, currently housed at the Neil W. Archbold Earth Science Laboratory at Deakin 
University, Melbourne, Australia.
Repository.
The described materials from Japanese and JNRG collections are temporarily registered 
with prefix DUES-SL followed by a three-digit number and currently housed in the Neil W. 
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Archbold Earth Sciences Research Laboratory, Deakin University, Melbourne, Australia. The 
described specimens from KOPRI collection provisionally with prefix KOPRIF-SL followed 
by a three-digit number are deposited in the Korea Polar Research Institute, Incheon, Korea. 
All other materials are also stored in the Neil W. Archbold Earth Sciences Research 
Laboratory, Deakin University, Melbourne, Australia.
Institutional and collection abbreviations.
DU: Deakin University, Melbourne, Australia
GSC: Geological Survey of Canada, Ottawa, Canada
KOPRI: Korea Polar Research Institute, Incheon, Korea 
UWA: University of Western Australia, Perth, Australia
1.3.2. Applied methods
Mechanical preparation was employed to remove the matrix around the fossil before
observation and photography, and shell material of several disarticulated valves buried within 
siliceous matrix was dissolved with 5% hydrochloric acid in order to observe the interior of 
valve. For some specimens preserved as internal or external mould, their latex casts were 
prepared. Each specimen coated with ammonium chloride was photographed with a Fujifilm 
S1Pro or Nikon D5100 under a Nikon macro 60 mm lens, while the micro-ornamentation of 
shell surface was observed under a Leica MZ12 microscope and photographed with a Leica 
DFC425 digital camera. For specimens with high relief, numerous photographs were taken 
under various phases of focus and stacked into a combined image using the CombineZP 
software and Leica Montage module. Shell microstructure was observed and photographed 
via scanning electron microscopy (SEM) at Deakin University.
As this study tried various methodologies beyond basic taxonomic work, diverse
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experiments requiring special facilities have been conducted in other foreign institutes. Some 
selected specimens were thin-sectioned at Korea University, Seoul, Korea for detailed 
investigation of brachiopod shell preservation and petrographic details of the sedimentary 
rock matrix. The chemical compositions for the thin sections were also obtained using Energy 
Dispersal Spectrometry (EDS) at the Korea Polar Research Institute, Incheon, Korea. Three-
dimensional (3D) surfaces scanning for morphometric analysis was conducted using 
NextEngine 3D scanner at the Morphometrics Laboratory in the University of Iowa, Iowa, 
USA, and X-ray microtomographic scanning was performed with the SkyScan 1172 system 
at the Dental Research Institute of Seoul National University, Seoul, Korea.
In addition, several computer software programmes have been utilised for various
analyses. Cladistic analysis for a group of brachiopod taxa was performed using TNT 1.1 
(Goloboff et al., 2008), and palaeolatitudes for Permian brachiopod localities were obtained 
through the PointTracker software (Scotese, 2004). Morphometric data were acquired from 
the 3D surface images using Landmark 3.6 
(http://graphics.idav.ucdavis.edu/research/EvoMorph), and were then analysed through 
Modan 0.1.7 developed by Mr. Jik-han Jung. The X-ray microtomographic images from the 
internal scanning of brachiopod fossils were analysed using the SkyScan software, 
DataViewer and CTvox32.
Further details of the material and methods used for the studies of cladistics, 
morphometric analysis, and an X-ray microtomographic trial are given in Chapters 6, 8 and 9,
respectively.
1.4. Structure of thesis and attribution
The basic geological information about Svalbard and adjacent regions during the Late 
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Palaeozoic is described in Chapter 2, where the general tectonic setting and outline of the 
geological history of the region are also briefly introduced. Chapter 3 describes each fossil 
locality in Spitsbergen of Svalbard and Devon Island of Arctic Canada, providing the detailed 
geologic maps and columnar sections. Based on the comparison of biostratigraphic data, the 
correlation between the studied sections is accomplished in Chapter 4. This chapter also 
compares the Permian brachiopod faunas from Spitsbergen with other faunas from the 
adjacent Arctic regions and also those from other parts of the world including northeastern 
Asia and the Gondwanan region, in order to constrain the age and palaeobiogeographical 
affinities of the Spitsbergen brachiopod faunas. Chapter 5 discusses the palaeoenvironmental 
implications of the Spitsbergen brachiopod faunas, particularly focusing on the relationship 
with climatic fluctuations well recognised in the Arctic strata during the Late Palaeozoic.
Chapter 6 attempts to study the phylogeny of the Superfamily Spiriferoidea, one of the 
largest taxonomic groups in the Late Palaeozoic spiriferide brachiopods, through cladistic 
analysis that utilises continuous characters as well as discrete characters. In Chapter 7, the 
detailed morphologies of four neospiriferin genera that lived in mid-latitudinal areas of both
hemispheres are compared and analysed in the context of antitropicality. Chapter 8 takes a 
geometric morphometric approach to investigating the development of spiriferid sulcus in 
intra- and inter-specific levels, while Chapter 9 performs an X-ray microtomographic study 
of selected brachiopod shells for the identification of shell interior structures. Finally, 
Chapter 10 provides a detailed account of the systematics of all studied brachiopod material
from the Permian of Arctic area. Chapter 11 summarises the thesis.
No chapter of this thesis has been published yet. However, some chapters have been 
prepared for eventual publication aimed for peer-reviewed journals, and they will be 
submitted after the thesis examination. 
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Most chapters have been completed, from data collection through analysis to writing, 
only by the current author. One exception is the contents of Chapter 3, where the stratigraphic 
columnar sections and lithological descriptions had to depend on data of the original 
collectors who collected the main brachiopod material documented in the thesis. However, 
the data have been re-analysed and reinterpreted by the present author. In addition, the data 
used for Chapter 9 was obtained through X-ray scanning in foreign institutes performed by 
coworkers under agreement, but the selection of data, analysis, and writing for the chapter 
has been fully conducted by the current author. Therefore, all these chapters can be 
considered mostly the work of the present author.
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Chapter 2. General geology of Svalbard
This brief overview of the tectonic structures, general stratigraphy and geological 
history of Svalbard is mainly adopted from Dallmann (1999).
2.1. Tectonic setting of Svalbard and adjacent areas
The archipelago of Svalbard is located on the northwestern margin of the Barents Sea 
Shelf occupying the northwestern corner of the Eurasian Plate (Fig. 1.2). The western Barents 
Shelf including the Svalbard Archipelago displays a complex mosaic composed of several 
basins, platforms, and structural highs, which have been formed as the result of a diverse 
array of tectonic activity (Fig. 2.1; Faleide et al., 1984). Svalbard represents the uplifted and 
subaerially exposed part of this complex geological mosaic, and this exposed part of the 
geology has been considered to be representative of the whole shelf surrounding Svalbard, at 
least for the post-Devonian rocks (Steel and Worsley, 1984; Worsley, 2008).
The northern shelf of Svalbard, composed of a relatively steep continental margin, is 
bounded with the southern part of the polar Euramerican Basin whose development started at 
around Jurassic-Cretaceous transition (Worsley, 2008). The western shelf is bordered with the 
Knipovich Ridge, a spreading mid-ocean ridge related to the opening of the Norwegian-
Greenland Sea during the Cenozoic (Fig. 2.1; Talwani and Eldholm, 1977). The present-day 
elevation of Svalbard in the Barents Shelf might be the combined result of an uplift along the 
rifted margin of the Arctic Ocean and the Cenozoic epeirogenic activities along the North 
Atlantic margin (Vågnes and Amundsen, 1993; Dallmann, 1999). The Yermark Plateau, 
bordering with the northwestern shelf of Svalbard, has been regarded as the remnants of 
Tertiary hot spot volcanism (Feden et al., 1979).
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Figure 2.1. Geological overview map of Svalbard and the western Barents Shelf showing the 
positions of major tectonic elements (Dallmann, 1999).
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According to Dallmann (1999), Svalbard has retained the traces of multiple tectonic 
movements since the Palaeoproterozoic. The major tectonic events include the Grenvillian 
(late Mesoproterozoic?), Caledonian (Ordovician to Silurian), Svalbardian (Late Devonian), 
Variscan (mid-Carboniferous), and Alpine (Early Cenozoic) Orogenies. Tectonically, 
Svalbard is largely divided into three structural terranes, the Western, Central, and Eastern 
Terranes, which are separated by major NNW-SSE trending faults or fault systems (Figs. 2.1, 
2.2; Harland, 1997).
2.2. Brief geological history of Svalbard
Rocks of Svalbard span in age from pre-Cambrian to Recent and they represent the 
products of a long and complex geological history characterised by various tectonic regimes 
(Fig. 2.2). This section briefly summarises the geological history of Svalbard as a whole to 
provide a general geological background to this thesis. In doing so, this section also provides 
a brief summary of the key stratigraphic units (Fig. 2.3).
2.2.1. Pre-Cambrian to Lower Palaeozoic: Pre-Old Red basement
The ‘Pre-Old Red’ refers to the crystalline basement rocks of Svalbard and has been 
known under the name of ‘Hecla Hoek’ which was originally defined by Nordenskiöld (1863)
from Mt. Hecla (Heclahuken). These rocks are mainly distributed in the north and west of 
Svalbard (Fig. 2.2), and are dominated by igneous and metamorphic rocks, formed in pre-
Cambrian times and intensely deformed under the main Caledonian Orogenic phase in the 
Silurian (Harland, 1997; Gee et al., 2008). The basement had been initially considered to 
have been formed only by the Caledonian Orogeny, but evidence of several pre-Cambrian 
tectonothermal activities including the Baikalian event (600-660 Ma), the Grenvillian event
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Figure 2.2. Geological map of Svalbard (Dallmann, 1999).
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Figure 2.3. Simplified diagram showing geological history of Svalbard (modified from 
Dallmann, 1999).
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(950-1200 Ma), and even older events have been also detected in several regions of Svalbard 
(Ohta, 1994), thus pushing back the age of the basement crystallisation well into the 
Proterozoic.
The Pre-Old Red has been interpreted to have formed through the amalgamation of 
three separate structural provinces by lateral movements during the Caledonian phase, 
although the tectonic relationship between Svalbard and the Baltic Shield during the 
Caledonian Orogeny remains poorly understood (Harland and Wright, 1979; Harland et al., 
1993; Harland, 1997).
2.2.2. Devonian: Old Red 
After the Caledonian phase, the ‘Old-Red’ sediments were deposited mainly in the N-S
trending grabens of northern Spitsbergen, comprising a sequence of terrestrial conglomerates 
and sandstones up to 8 km in thickness (Fig. 2.2). The typical Old-Red with the red colour is 
confined to the lower beds, and is generally understood to have been deposited in an alluvial 
fan and fluvial system under an arid climate. The middle to upper beds of the Old-Red 
display a transition into grey coloured sediments, which has been interpreted to indicate a 
climatic change into humid conditions around the Early to Middle Devonian boundary.
The Svalbardian event terminated the final phase of the Caledonian Orogeny in the Late 
Devonian and affected the Old-Red sediments by folding, thrusting and uplift (Orvin, 1940;
Bergh et al., 2011). The Svalbardian movement has been regarded as the eastern continuation 
of the Ellesmerian Orogeny, the latter leading to the formation of the Ellesmerian Fold Belt in 
North Greenland and Arctic Canada (Piepjohn, 2000).
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2.2.3. Carboniferous to Early Permian: the Billefjorden and Gipsdalen groups
Following the Svalbardian compressive movement, the Carboniferous strata of 
Svalbard represent a transition from an association of faulted blocks with local non-marine 
sedimentation to a stable open marine platform across Svalbard. Under a tropical humid 
fluvial environment, the deposition of the Billefjorden Group (Famennian to Serpukhovian) is 
dominated by conglomerates and sandstones with local coal intercalations in the upper beds. 
This group is followed by the Gipsdalen Group (Bashkirian to Artinskian) which mainly 
comprises carbonates, evaporates, and local siliciclastic sediments. The depositional change 
from the Billefjorden to Gipsdalen groups indicates a climatic shift from a tropical humid to a 
warm and arid condition, accompanied by a gradual sea-level rise (Steel and Worsley, 1984; 
Stemmerik and Worsley, 2005). The Bjarmeland Group overlies the Gipsdalen Group in 
Bjornøya, whereas the group is missing in most other areas of Svalbard.
The tectonic sector that contains Svalbard and the Barents Shelf experienced a 
northward drift during the depositional time of the Billefjorden Group (Worsley, 2008). The 
current high latitudinal position of Svalbard and adjacent areas reflects its continuous and 
ongoing drift since the Carboniferous (Beauchamp, 1994; Stemmerik, 2000; Stemmerik and 
Worsley, 2005).
2.2.4. Early to Late Permian: the Tempelfjorden Group
Another distinct climatic transition in the history of Svalbard occurred in the late 
Artinskian when the deposition of the Tempelfjorden Group started (Blomeier et al., 2011).
This time, the transition to the marine environments was marked by a shift from warm-water 
to cool- and cold-water conditions. The Tempelfjorden Group is composed mainly of 
spiculitic shales, cherty limestones, and glauconitic sandstones. The widespread chert 
deposition is consistent with and forms an integral part of the Permian Chert Event that has 
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been recognised across northwestern Pangea (Beauchamp and Desrochers, 1997; Beauchamp 
and Baud, 2002). This distinct climatic and depositional shift across northwestern Pangea has 
been attributed to the combined effects of the northward drift of northwestern Pangea and the 
closure of the Ural seaway that, prior to the closure, had connected the Palaeo-Arctic sea 
encompassing the northwestern Pangea shelf to the warm-water Tethys Sea (Fig. 2.4; 
Beauchamp and Baud, 2002; Reid et al., 2007; Blomeier et al., 2011)
The precise age for the upper part of the Tempelfjorden Group and the Permian-Triassic 
boundary in Svalbard is still poorly constrained. Although several continuous sections 
possibly bearing the Permian-Triassic boundary have been reported in Spitsbergen 
(Gruszczynski et al., 1989; Wignall et al., 1998; Nabbefeld et al., 2010), many other studies 
have argued for a certain gap in the latest Permian (Nakrem et al., 1992; Dallmann, 1999; 
Worsley, 2008; Ehrenberg et al., 2010).
More details on the Permian stratigraphy of Spitsbergen are provided in Chapter 3.
2.2.5. Triassic to Middle Jurassic: the Sassendalen and Kapp Toscana groups
During this interval, Svalbard and the western part of the Barents Shelf tectonically 
remained largely stable (Dallmann, 1999; Worsley, 2008). However, depositionally there was 
a significant change back to siliciclastics-dominant sediments, in contrast to the carbonate-
dominant facies that characterised the Late Palaeozoic (Fig. 2.3). The lower successions, the 
Sassendalen and Kapp Toscana groups, are mostly exposed in central and southern 
Spitsbergen and on Barentsøya and Edgeøya (Fig. 2.2). These groups consist of recurring 
shales, siltstones and sandstones deposited in coastal to shallow marine environments. 
Particularly, the lower part of the Sassendalen Group consists of non-siliceous shales and 
mudstones representing the ‘Early Triassic Chert Gap’ in Beauchamp and Baund (2002), in 
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Figure 2.4. Palaeogeographic evolution of Pangea through the Permian (modified from 
Blakey, 2008). The ocean currents are adopted from Reid et al. (2007). The red lined area 
indicates the position of the northern margin of Pangea including North Greenland, Svalbard, 
and Barents Shelf (also see Fig. 2.5). A, Early Permian when the Ural seaway was still open 
and connected to the Palaeotethys. B, Late Permian showing the complete closure of the Ural 
seaway.
contrast to the Tempelfjorden Group which is characterised by rocks containing abundant 
biogenic silica (Worsley, 2008).
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2.2.6. Middle Jurassic to middle Cretaceous: the Adventdalen Group
Overlying the Kapp Toscana Group, the Adventdalen Group is dominated by the 
deposition of marine mudstones with subordinate amounts of siltstones and sandstones. The 
lower part of the group (Middle Jurassic to earliest Cretaceous) was deposited in deep shelf 
environments, whereas the upper part (Early to middle Cretaceous) was formed in shallow 
delta conditions (Dallmann, 1999).
The intrusion of dolerite sills and dikes across Svalbard between the latest Jurassic and 
Early Cretaceous has been considered as the initial signal of the break-up of Pangea (i.e. 
break between Greenland/North America and Eurasia, the latter including Svalbard), coupled 
with the opening of the polar Euramerican Basin (Burov et al., 1977; Dallmann, 1999; 
Worsley, 2008).
2.2.7. Cenozoic: Van Mijenfjorden Group and volcanism
A distinct Palaeogene fold-and-thrust belt was formed offshore to the western part of 
Svalbard (Fig. 2.1). As the result of the formation of this belt, strata along the west coast of 
Spitsbergen underwent uplift and erosion, while a large-scale foreland basin, the Central 
Tertiary Basin, was developed in the central part of Spitsbergen (Fig. 2.2; Steel et al, 1985). 
The formation of this fold-and-thrust belt has been explained by tectonic movements caused 
by the opening of the Arctic Ocean and Norwegian-Greenland Sea. Hot springs presently 
distributed in the northwestern and southern parts of Spitsbergen might represent the 
remnants of high geothermal gradients along this Palaeogene fold-and-thrust belt.
The Vang Mijenfjorden Group consists mainly of sandstones and shales deposited in 
the Central Tertiary Basin. Several minor sedimentary basins represented by the 
Buchananisen and Calypsostranda groups were also developed in the westernmost part of 
Spitsbergen in the Eocene to Oligocene epochs (Dallmann, 1999).
24
Neogene volcanic rocks are concentrated in the northwestern part of Spitsbergen, 
overlying the Pre-Old Red basement and Old Red rocks. 
2.3. Overview of the development and palaeogeography of the northern margin of 
Pangea during the Late Palaeozoic
The Late Palaeozoic is known to be one of the most dynamic geological time intervals, 
marked by the repeated global cooling and warming events, the development of great 
mountain chains and the final formation of the supercontinent Pangea (Shi and Waterhouse, 
2010). Throughout this time, Svalbard was located on the northern margin of Pangea 
connecting North Greenland and Canadian Arctic Islands to the west and the Barents Shelf, 
Novaya Zemlya, and the Timan-Pechora Basin to the east (Fig. 2.5; Ziegler, 1988; Golonka 
and Ford, 2000; Stemmerik and Worsley, 2005). The area forming the east-west oriented shelf 
was positioned around 20°N palaeolatitude in the Early Carboniferous and migrated to 45°N
palaeolatitude in the Late Permian as a result of its continuous northward drift initiated in the 
Early Carboniferous. In the Carboniferous, the northern marginal shelf area of Pangea was 
connected with the Tethys Sea through the deep Ural seaway (Fig. 2.4A). However, the 
seaway began to close as the East European block (Baltica) was approaching the Kazakstan 
block, and was finally closed during the later part of the Early Permian (Ziegler, 1988;
Puchkov, 1997; Fokin et al., 2001). With the closure of the Ural seaway, the proto-Atlantic 
seaway connecting Svalbard and the Barents Shelf with East Greenland and northwest 
Europe started to develop, and, during the Late Permian, the Zechstein Basin was formed 
with the development of an large epeiric sea extending north from the southern Barents Shelf 
southward deep into northern and central Europe covering parts of Britain, Germany and 
Poland (Fig. 2.4B; Heeremans et al., 2004).
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During this time (Middle to Late Permian), the region composed of North Greenland, 
Svalbard and Barents Shelf occupied the central part of the northern marginal shelf of Pangea, 
characterised by two major settings: rapidly subsiding basins (troughs) and more stable 
platforms (Figs. 2.5; Stemmerik and Worsley, 1995, 2005). Rifting and lateral movements 
which initiated in the Late Devonian persisted until the Moscovian, forming local troughs in 
which mainly non-marine to marine siliciclastic sediments were deposited. With a lack of 
active tectonic movements during the Moscovian, most of the region became a stable 
platform and experienced uniform and sustained subsidence, and the stable condition was 
maintained until the Late Permian (Stemmerik and Worsley, 1995, 2005; Stemmerik, 2000).
The overall stratigraphy, broad correlation and age assignments of the Upper 
Palaeozoic successions of the northern margin and northwestern Pangea have been well 
established although the more specific ages for some of the stratigraphic units remain unclear. 
Particularly, the Carboniferous to Permian strata in Svalbard, the Barents Shelf, North 
Greenland, and the Svedrup Basin have been intensively studied, and therefore, their 
correlation and ages have been relatively well defined (Fig. 2.6; Stemmerik and Worsley, 
1989, 1995, 2005; Samuelsberg and Pickard, 1999; Stemmerik, 2000). On the other hand, the 
correlation with the eastern region, such as Novaya Zemlya and the Timan-Pechora Basin, 
has not yet been settled. The well-defined Upper Palaeozoic successions in the northern 
margin of Pangea commonly present a continuous change in climatic conditions from warm 
and humid conditions in the Early Carboniferous through warm and dry conditions in the 
Late Carboniferous to Early Permian to cold regimes in the Middle to Late Permian (Fig. 2.6;
Beauchamp, 1994; Beauchamp and Desrochers, 1997; Stemmerik, 2000; Beauchamp and 
Baud, 2002; Stemmerik and Worsley, 2005; Reid et al., 2007; Blomeier et al., 2009; Blomeier 
et al., 2011). This sequence of climatic change events has been closely linked to the gradual 
northward shift of Pangea throughout the Late Palaeozoic and the closure of the Ural 
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seaway (Beauchamp and Baud, 2002; Stemmerik and Worsley, 2005; Reid et al., 2007; 
Worsley, 2008).  
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Chapter 3. Fossil localities and stratigraphy
3.1. Upper Palaeozoic lithostratigraphic scheme in Spitsbergen
Upper Palaeozoic successions are widely distributed in Spitsbergen, the largest island 
of the Svalbard Archipelago (Fig. 3.1). The deposition of these successions was mainly 
controlled by the major structural elements in Spitsbergen. During the Early to Late 
Carboniferous, narrow basins and adjacent highs were mostly developed along currently 
NNE-SSW oriented fault lines by extensional tectonism (Fig. 3.1; Steel and Worsley, 1984). 
In particular, the main tectonic movement between the Bashkirian and Moscovian formed 
three major troughs in Spitsbergen, the St. Jonsfjorden, Billefjorden, and Inner Horsund 
troughs (Fig. 3.1), which led to differential sedimentation between the troughs during the 
interval. With the cease of tectonic movement in the Late Carboniferous, stable marine shelf 
conditions were developed in Spitsbergen except the southern region, and the condition was 
retained until the Late Permian with continuous subsidence (Steel and Worsley, 1984; 
Dallmann, 1999; Stemmerik and Worsley, 2005).
The Upper Palaeozoic lithostratigraphy of Spitsbergen was not well defined and poorly 
understood until the 1950s. Prior to this, only informal stratigraphic units had been 
commonly used (see fig. 9 in Gobbett, 1963). Cutbill and Challinor (1965) proposed a well-
organised formal stratigraphic scheme for the Upper Palaeozoic sequence in Spitsbergen and 
Bjørnøya, based on extensive geological data gathered through several expeditions. Although, 
subsequently, this scheme has been substantially revised and several additional stratigraphic 
units have been included, the basis of the Upper Palaeozoic lithostratigraphy in Spitsbergen
remains valid until this day and has been widely adopted (Dallmann, 1999).
The Upper Palaeozoic strata in Spitsbergen are largely subdivided into three groups; the 
Billefjorden, Gipsdalen, and Tempelfjorden groups, in ascending order (see the details in Fig 
3.2).
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Figure 3.1. Tectonic overview of Upper Palaeozoic Spitsbergen (modified from Dallmann, 
1999).
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The uppermost Devonian (Famennian) to Lower Carboniferous (Visean) Billefjorden 
Group comprises siliciclastic non-marine sediments deposited mainly in tectonically active, 
isolated troughs. However, the deposition of the group was not confined to the troughs, and, 
in particular, it became more widespread in the Early Carboniferous (Steel and Worsley, 1984;
Dallmann, 1999). The depositional sequences composed of conglomerates, sandstones, and 
shales with intercalated coal seams suggest they were dominantly deposited in terrestrial 
environments including alluvial fans with swamps, lakes, and fluvial plains, under warm and 
humid conditions (Steel and Worsley, 1984; Stemmerik and Worsley, 2005). The Billefjorden
Group is well exposed in the Billefjorden, St. Johnsfjorden, and Inner Horsund troughs and it 
is composed of different formations and members in each trough: the Hørbyebreen and 
Mumien formations in the Billefjorden Trough, the Orustdalen and Vegardfjella formations in 
the St. Johnsfjorden Trough, and the Adriabukta, Horsundneset, and Sergeijevfjellet 
formations in the Inner Horsund Trough (Fig. 3.2). Recently, a palynological investigation 
(Scheibner et al., 2012) for the Billefjorden Group exposed on another narrow trough placing 
at the east to the Ny Friesland High, the Lomfjorden Trough, suggested that the deposition of 
the Billefjorden Group would have occurred between the latest Tournaisian and early 
Serpukhovian, which is different from the previous interpretation for the age of the group 
(Fig. 3.2).
The overlying Gipsdalen Group (Serpukhovian to early Artinskian) consists of a 
complex association with diverse lithostratigraphic units (Fig. 3.2), which represents the 
regional variation in depositional conditions and turnover of tectonic activities through the 
time interval. The lower units of the Gipsdalen Group, composed of an assortment of 
terrestrial clastic sediments and marine carbonates, were predominantly deposited in the 
troughs formed by active tectonism during the mid-Carboniferous (Fig. 3.1), particularly 
displaying an gradual upward increase of marine influence. The lower part of the group in
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each trough has been assigned to one subgroup within the Gipsdalen Group due to differential 
sedimentations between the troughs (Fig. 3.2). The Charlesbreen Subgroup indicates the 
Bashkirian to Moscovian sedimentary fill in the St. Johnsfjorden Trough and it has two time-
equivalent sequences of formation. The subgroup is composed of the conglomerate-
dominated Brøggertinden Formation and the carbonate-dominated Scheteligfjellet Formation 
in Brøggerhalvøya, whereas it consists of the shale-dominated Petrellskaret Formation and 
the sandstone-dominated Tårnkanten Formations in other area of the St. Johnsfjorden Trough 
(Dallmann, 1999). The Campbellryggen Subgroup encompasses the Serpukhovian to 
Kasmovian fill of the Billefjorden Trough and it comprises clastic red beds of the Hultberget 
Formation and clastic and carbonate mixed facies of the Ebbadalen and Minkinfjellet 
formations (Cutbill and Challinor, 1965; Dallmann, 1999). The Treskelen Subgroup
consisting of the sandstone- and conglomerate-dominated Hymefjellet and Treskelodden 
formations represents the terrestrial sedimentary fill of the Inner Horsund Trough deposited 
during the Bashkirian and Artinskian. This thus suggests the terrestrial conditions lasted 
longer in the southern part of Spitsbergen (Dallmann, 1999). The Serpukhovian to Moscovian 
Malte Brunfjellet Formation which also presents a clastic to carbonate transition in East 
Spitsbergen has not been assigned to any subgroup, because of the relatively limited 
understanding on the strata of the region. 
With the demise of active rifting during the Moscovian, the structural highs were 
progressively transgressed (Johannessen and Steel, 1992; Hüneke et al., 2001), and most 
areas of Spitsbergen except the southern region underwent a relatively uniform subsidence 
(Dallmann, 1999). This tectonic shift led to the development of a stable platform across 
Spitsbergen under warm and arid conditions, which is evidenced by widely distributed 
carbonates and evaporates representing the Dickson Land Subgroup. The Dickson Land 
Subgroup consists of two widespread formations, the lower Wordiekammen Formation 
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dominated by limestone successions and the upper Gipshuken Formation composed of 
dolomites, limestones, and carbonate breccias (Fig. 3.2).
The whole depositional record of the Gipsdalen Group is missing in the Sørkapp-
Horsund High, which is different from the deposition on other structural highs (Fig. 3.2). 
According to Dallmann (1999), the Sørkapp-Horsund High acted as a sediment source for the 
adjacent troughs until the Early Triassic, after it had been elevated by active mid-
Carboniferous tectonic movements.
The uppermost Tempelfjorden Group (late Artinskian to Middle or Late Permian) of the 
Upper Palaeozoic strata in Spitsbergen was also deposited in stable marine shelf
environments. However, the lithological facies, composed of siliceous shales and cherts with 
intercalated minor sandstones and limestones, indicates that the deposition occurred under 
cooler and deeper conditions than those of the Gipsdalen Group. This environmental change 
has also been evidenced by the occurrence of a heterozoan-dominated biofacies in the 
Tempelfjorden Group in contrast to the presence of abundant photozoans in the Gipsdalen 
Group (Hüneke et al., 2001; Blomeier et al., 2011).
The Tempelfjorden Group lies disconformably upon the underlying Gipsdalen Group,
and the former group consists solely of the Kapp Starostin Formation in most areas of 
Spitsbergen, except the Sørkapp-Horsund High (Fig. 3.2). The Vøringen Member (late 
Artinskian to Kungurian), defined as the basal part of the Kapp Starostin Formation, is 
mainly composed of bioclastic limestones with abundant brachiopods, bryozoans, crinoids, 
and other marine fossils. The bioclastic limestones have been interpreted to be deposited in 
nearshore environments. The lithological contrast with the underlying upper part of the 
Gipshuken Formation dominated by dolomites indicates a widespread marine transgression 
during the Artinskian (Steel and Worsley, 1984; Ezaki et al., 1994; Blomeier et al., 2011).
The bioclastic limestone beds representing the Vøringen Member are missing in the Kapp 
35
Starostin Formation at Brøggerhalvøya on the northwestern end of the St. Johsfjorden Trough 
although this basal member has been commonly observed in most areas of Spitsbergen that 
contain the Kapp Starostin Formation. The overlying Svenskeegga Member, defined only in 
the type section at Festningen (outer Isfjorden), consists of cherts and siliceous shales with 
intercalated bioclastic limestones, all interpreted as relatively deep marine deposits (Ezaki et 
al., 1994; Dallmann, 1999). The upper part of the Kapp Starostin Formation consists of 
silicified shales, glauconitic sandstones, and sandy limestones; together, they suggest 
sedimentation in shorface to deeper shelf environments (Ezaki et al., 1994; Ehrenberg et al., 
2001; Hüneke et al., 2001). Several local members including the Hovtinden and Stensiöfjellet 
members (Fig. 3.2) have been included in the upper part of the formation, but their age and 
stratigraphic correlation have not been well understood (Dallmann, 1999).
Although the strata in the Sørkapp-Horsund High has never recorded any Permian 
deposit on the high itself, the Tokrossøya Formation, a lateral equivalent of the Kapp 
Starostin Formation, has been considered to have deposited in the basinal area to the 
southwestern part of the high including Øyrlandsodden (Dallmann, 1999).
The Early to Middle Triassic Sassendalen Group overlies the Tempelfjorden Group (Fig. 
3.2). The Vardebukta and Vikinghøgda formations representing the basal part of the 
Sassendalen Group mainly comprise non-siliceous dark shales and siltstones, suggesting the 
demise of biogenic silica production during ?latest Permian to Early Triassic times (Dallmann, 
1999; Ehrenberg et al., 2001; Worsley, 2008). Contrary to the distinct lithological change, the 
detailed age for the upper part of the Tempelfjorden Group and the possible existence of an 
unconformity between the two groups as well as the Permian-Triassic transition in 
Spitsbergen are still problematic (Ehrenberg et al., 2001; Stemmerik and Worsley, 2005;
Blomeier et al., 2011).
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3.2. Fossil localities and studied sections in Spitsbergen
The majority of brachiopod specimens described in this study were collected from a
variety of sections representing the Permian Kapp Starostin Formation in Spitsbergen. The 
fossil localities are widely distributed in West and Central Spitsbergen including Oscar II 
Land (Scheteligfjellet and Trygghamna) (Fig. 3.3A), outer Isfjorden (Festningen), Wedel 
Jarlsberg Land (Reinodden and Ahlstrandodden) (Fig. 3.3B), and Dickson Land (Idodalen, 
Skansbukta, and Skansen) (Fig. 3.3C). Except for the Scheteligfjellet section which the 
present author visited and investigated in the field in September 2012, the detailed 
descriptions for all other fossil localities and studied sections mainly follow the reports of the 
original collectors who measured and studied these sections (Nakazawa et al., 1990; JNRG, 
1992), supplemented with additional information provided by Prof. Jun-ichi Tazawa
(personal communications provided to Prof. Guang R. Shi). The simplified columnar 
stratigraphic log for each studied outcrop section is provided here with detailed description of 
its lithology and fossil horizons.
3.2.1. Scheteligfjellet section
The Scheteligfjellet section is located at Brøggerhalvøya in the northwestern edge of 
Oscar II Land (Fig. 3.3A). Although Brøggerhalvøya is positioned on the St. Johnsfjorden 
Trough (Fig. 3.1), this area presents a different Late Palaeozoic lithological succession from 
other areas on the trough (Fig. 3.2). Within Brøggerhalvøya, the Scheteligfjellet section (GPS 
N78°54.921’ E118°39.253’), located about 6 km west of Ny-Ålesund, is exposed on the 
eastern side of a mountain ridge between Scheteligfjellet and Kloten (Figs. 3.4, 3.5A). An 
approximately 150 m-thick succession exposed in this section represents the Kapp Starostin 
Formation (Fig. 3.5), underlain by the Gipshuken Formation. In the top of Scheteligfjellet the 
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Figure 3.3. Overview map of fossil localities. The detailed distribution of Upper Palaeozoic 
strata for A, B, and C areas of this map are displayed in Figs. 3.4, 3.8, and 3.12, respectively 
(Base map from Dallmann, 1999 and fossil localities from Nakazawa et al. 1990 and JNRG, 
1992).
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Figure 3.4. Distribution of Upper Palaeozoic rocks in Oscar II Land (enlarged map of Fig. 
3.3A), also showing locations of the Brøggerhalvøya and Trygghamna sections (Geologic 
map modified from Dallmann, 1999).
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Kapp Starostin Formation was overlain by Tertiary rocks. This succession was examined by 
the author in the field during the KOPRI geological expedition to Spitsbergen in September 
2012, but only its lower part, up to about 62 m from the base of the section (Figs. 3.5B, F), 
was measured with the collection of brachiopod fossils due to limited time available.
The measured outcrop of the Scheteligfjellet section starts with a 10 m-thick chert bed  
with a thin glauconitic layer in the bottom and top (Unit SF1) (Figs. 3.5C, 3.6). The basal part 
of the Kapp Starostin Formation is covered by glacier and talus in this section. However, the 
lateral extension of the strata on the mountain side toward Scheteligfjellet exposes the 
transition from the Gipshuken Formation to the Kapp Starostin Formation about 20 m below 
the chert bed in the bottom of the Scheteligfjellet section, displaying the absence of the 
Vøringen Member which comprises fossilferous bioclastic limestone beds common in other 
areas of Spitsbergen where the member is present. The overlying succession, representing the 
middle part of the Kapp Starostin Formation in the Scheteligfjellet section, is composed of 
cherts, calcareous sandstones, mudstones, siliceous or cherty limestones, and limestones. This 
middle interval of the section can be largely divided into two units, lower unit containing 
highly siliceous limestones and cherts (SF2) and overlying less siliceous unit (SF3) (Fig. 3.6). 
In particular, limestones, siliceous limestones, and some calcareous sandstones from the 
middle part of the section contain numerous fossils including bryozoans, brachiopods, corals, 
and crinoids (Fig. 3.5D). The upper part of the measured interval (Unit SF4) is dominated by 
dark coloured bedded chert beds (Fig. 3.5E). These bedded cherts are strong in weathering
and extend laterally over considerable distance ( a few kilometres), and therefore, they can 
be easily recognised. Glauconitic grains are commonly observed from all intervals in this 
section, although it is known that they occur exclusively in the upper part of the formation in 
other sections.
Brachiopod specimens were collected from eight horizons (SFF01-08) in the middle 
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part of the Scheteligfjellet section (Figs. 3.5F, 3.6). The lithology of these fossil-bearing 
horizons mainly comprises skeletal packstones and calcareous sandstones.
The Kapp Starostin Formation in the Scheteligfjellet area has been also described by 
Buggisch et al. (2001, fig. 8, SF section), and their highly generalised columnar section work 
shows that the upper part of the succession which was not examined in this study is mainly 
dominated by chert beds.
3.2.2. Trygghamna section
The Trygghamna section is located at the southern end of Oscar II Land (Fig. 3.3A). In 
1990, the Japanese-Norwegian Research Group (JNRG) examined the outcrop section around 
Selmaneset – a headland between two inlets, Trygghamna and Ymerbukta (Fig. 3.4). This 
section represents the southern margin of the St. Johnsfjorden Trough (Fig. 3.1), and the 
outcrop strata exposed here encompasses the whole Kapp Starostin Formation, as well as the 
underlying Gipshuken Formation and the overlying Vardebukta Formation, although a few 
intervals are known missing. 
In the Trygghamna section the Kapp Starostin Formation is about 450 m thick and was 
subdivided into 11 lithological units (T1 to T11) by JNRG (1992) (Fig. 3.7). The overall 
lithology of the Kapp Starostin Formation at this section is relatively well matched with that 
of the type section at Festningen (described below), and therefore, the divisions into three 
members suggested in the type section are readily applicable to the Trygghamna section. The 
basal part of the Kapp Starostin Formation disconformably overlying the marly limestone of 
the Gipshuken Formation in the Trygghamna section is composed of bioclastic limestones 
and muddy limestones (Units T1 and T2), representing the typical Vøringen Member. The 
overlying Svenskeegga and Hovtinden members consist mainly of siliceous shales and 
spicularitic cherts with intercalated silicified limestone layers. A transition from a thick 
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bioclastic limestone bed (Unit T5) to a spicularitic chert-dominated bed (Unit T6) in the 
middle of the section defines the boundary between the Svenskeegga and Hovtinden 
members, which is identical to the same boundary at the type section. The upper part of the 
Hovtinden Member (Unit T11) comprises sandy shales and fine sandstones with glauconite 
grains, showing a slightly coarsening upward trend.
Most brachiopod specimens from the Trygghamna section were collected from 
sporadically appearing limestone beds, particularly within Units T1, T2, T4, T5, T7, T8 and 
T10 (Fig. 3.7, TF01-08), where bryozoans are also common.
3.2.3. Festningen section
The Festningen section located at Kapp Starostin, a headland point on the southern 
coast of outer Isfjorden (Figs. 3.3B, 3.8). This section was investigated in 1989 and 1991 with 
a large amount of fossils collected by JNGR. This section is probably identical with the type 
section of the Kapp Starostin Formation which had been examined and described in detail by 
Hoel and Orvin (1937) and was later formally defined and established by Cutbill and 
Challinor (1965), as the columnar log drawn by JNGR matches precisely with that in the type 
section provided in Dallmann (1999, fig. 2-110). The exposure of the section covers the entire 
Kapp Starostin Formation and also straddles the underlying Lower Permian Gipshuken 
Formation and the overlying Triassic Vardebukta Formation. Cutbill and Challinor (1965)
first proposed the Kapp Starostin Formation and divided it into three members, the Vøringen,
Svenskeegga, and Hovtinden members in ascending order, based on the lithology of this type 
section.
The Kapp Starostin Formation in the Festningen section is 385 m thick and comprises 
12 lithological units (F1 to F12) (Fig. 3.9; JNRG, 1992). The lowermost 20 m-thick unit 
(Unit F1), disconformably underlain by laminated marly limestone of the Gipshuken 
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Formation, consists of bioclastic limestones having numerous silicified brachiopod fossils, 
which corresponds to the Vøringen Member. The overlying Svenskeegga Member, about 140 
m thick, includes Units F2 to F4 dominated by spicularitic cherts and also Unit F5 consisting 
of bioclastic limestones. The Hovtinden Member in the upper part of the Kapp Starostin 
Formation is constituted by Units F6 to F12, which are all dominated by siliceous shales, 
glauconitic sandstones, and bioclastic limestones. Upwards, the Hovtinden Member is 
paraconformably overlain by non-siliceous shales of the Vardebukta Formation.
In the Festningen section brachiopod fossils had been collected from both limestone 
and shale beds belonging to Units F1, F4, F5, F7, F8, F9, F10 and F11 (Fig. 3.9, FF01-16).
3.2.4. Reinodden section
The Reinodden and Ahlstrandodden sections are located both in the northern part of 
Wedel Jarlsberg Land (Fig. 3.3B), and both were named after the pointed lands on the 
southwestern coast of Van Keulenfjorden (Fig. 3.8). These sections were examined in 1986 
by the Japanese expedition team led by Professor K. Nakazawa, with a focus on 
Carboniferous to Jurassic strata in these sections (Nakazawa et al., 1990). The Reinodden 
section exposes a continuous succession composed of the Orustdalen Formation of the Early 
Carboniferous Billefjorden Group, the Treseklodden and Gipshuken formations of the Late 
Carboniferous to Early Permian Gipsdalen Group, the Kapp Starostin Formation, as well as 
some Mesozoic groups. The Kapp Starostin Formation in this section reaches about 300 m in 
thickness and is divided into eight units (A to H) comprising 21 beds (R1 to R21) (Fig. 3.10; 
Nakazawa et al., 1990.; Nakazawa, 1999). 
In the Reinodden section the Vøringen Member represented by Unit A (also Bed R1) is 
less than 5 m in thickness and consists of partly silicified bioclastic limestones with abundant 
brachiopods, bryozoans and crinoids. The overlying units (Units B and C) comprise 
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spicularitic cherts, siliceous shales, calcareous sandstones and thin limestones. The upper part 
including Units D to H is represented by spicularitic cherts and glauconitic sandstones with 
intercalated limestones. Nakazawa et al. (1990) provisionally assigned the middle and upper 
parts to the Svenskeegga and Hovtinden members, respectively. However, the upper part of 
the Reinodden section, characterised by several coarsening-upward sequences, appear better 
correlated with the Revtanna Member at its type locality in Revtanna (Fig. 3.8) in the 
northern Wedel Jarlsbuerg Land as described originally by Knag (1980) and recently refined 
by Dallmann (1999).
Brachiopod specimens in the Reinodden section were collected from limestone and 
shale beds within Beds R1, R5, R7, R9, R10, R11, R14, R16 and R18 (Fig. 3.10, RF01-08).
The Kapp Starostin Formation at Reinodden was also reported by Malkowski and 
Hoffman (1979) and Malkowski (1982).
3.2.5. Ahlstrandodden section
The Ahlstrandodden section also presents a well exposed succession for the Permian 
Kapp Starostin Formation and also the overlying Triassic to Jurassic rocks. It is located in the 
southwestern coast of Van Keulenfjorden (Fig. 3.8). According to Nakazawa et al. (1990), the 
Kapp Starostin Formation is exposed on the coastal terrace of Polahaugen, where it reaches 
about 250 m in thickness and is divided into 8 units (A1 to A8) (Fig. 3.11).
The basal part (Unit A1) of the Kapp Starostin Formation in the Ahlstrandodden section 
is underlain by dolomitic laminated limestone of the Gipshuken Formation. However, the 
nature of contact between these formations was not described by Nakazawa et al. (1990).
Unit A1 comprises a 7.6 m-thick bioclastic wackestone bed, representing the Vøringen
Member. The middle and upper parts consist mainly of spicularitic cherts, siliceous shales 
and sandstones, with intercalated thin limestones. The siliceous sandstones in the upper part 
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commonly contain glauconite grains. The uppermost Unit A8 is overlain by the Vardebukta 
Formation. Nakazawa et al. (1990) assigned Units A2 and A3 to the Svenskeegga Member 
and Units A4 to A8 to the Hovtinden member. However, the upper units may be better 
matched with the Revtanna Member, similar to the case in the Reinodden section mentioned 
above.
In the Ahlstrandodden section, brachiopod fossils were collected from bioclastic 
limestones and calcareous shales within Units A1, A3, A5, A6 and A7 (Fig. 3.11, AF01-09).
Malkowski and Hoffman (1979) and Malkowski (1982) also undertook a stratigraphic 
and sedimentological study of the Kapp Starostin Formation exposed in the vicinity of 
Ahlstrandodden, which is well correlated to the Ahlstrandodden section of this study in 
lithological succession. 
3.2.6. Idodalen section
The Idodalen section is exposed at Idodalen located southeast from Kapp Wijk in the 
southwestern part of Dickson Land (Figs. 3.3C, 3.12) and the section was examined in 1991 
by JNRG. According to JNRG (1992), the whole Kapp Starostin Formation in this section is 
about 235 m thick, and the upper part of the formation as well as the boundary with the 
overlying Triassic strata is covered at this section. The exposed succession is divided into 12 
units (Units Ia to Il) in JNRG (1992) (Fig. 3.13).
The basal unit (Unit Ia) representing the Vøringen Member is a 9.5 m-thick, partly 
silicified bioclastic limestone bed. It is underlain by dolomitic limestone beds of the 
Gipshuken Formation, but the nature of the boundary contact was not described in the JNRG 
(1992) report. The overlying strata (Units Ib to Ul) are mainly composed of siliceous shales, 
cherts and limestones showing frequent alternation of shale and limestone beds. Particularly, 
the Idodalen section contains much more limestone content than the other sections, which 
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Figure 3.12. Distribution of Upper Palaeozoic rocks in Dickson Land and Bünsow Land 
(enlarged map of Fig. 3.3B) with locations of the Idodalen, Skansbukta, and Skansen sections 
(Geologic map modified from Dallmann, 1999).
leads to the distinction of the middle and upper parts of the Idodalen section from all defined 
members of the Kapp Starostin Formation.
Brachiopod fossils were collected from limestone beds within Units Ia, Ic, If, Ii and Ij 
(Fig. 3.13, IF01-05).
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3.2.7. Skansbukta section
The Skansbukta section is located on the southeastern part of Dickson Land (Fig. 3.3C). 
This section consists of two subsections (A and B) which are well correlated to each other. 
The subsections are located closely one to another on the west of Skansbukta (Fig. 3.12) and 
were measured in 1990 together with the Skansen section by JNRG. Both subsections 
represent the Kapp Starostin Formation although in both the upper part of the formation is 
mostly covered, both contain the contact with the underlying Gipshuken Formation.
The Kapp Starostin Formation in the Skansbukta A subsection is 220 m thick and 
comprises 14 units (SA1 to SA14) (Fig. 3.14). Two basal units (Units SA1 and SA2) 
constitute the Vøringen Member and are underlain by marly limestone of the Gipshuken 
Formation. These units consist of partly silicified bioclastic limestones. The middle part 
(Units SA3 to SA9) is composed of calcareous shales and dark shales with thin limestones, 
whereas the upper part (Units SA10 to SA14) comprises spicularitic cherts, calcareous shales 
and glauconitic fine sandstones. The 95 m-thick Skansbukta B subsection presents the lower 
and middle parts of the Kapp Starostin Formation, and the comprising nine units (SB1 to SB 
9) are easily correlated with the lower nine units in the Skansbukta A section in spite of the 
lateral variation (Fig. 3.14).
In the Skansbukta section brachiopod specimens were collected from the basal
limestone beds in the Units SA1 and SB1 and from calcareous shale beds in the Units SA7, 
SA12, SB 7, and SB9 (Fig. 3.14, SAF01-03, SBF01-03). 
A columnar section that covers the Kapp Starostin Formation in Skansbukta was also 
figured by Hüneke et al. (2001, fig. 7a, HK1 section), which shows a very similar 
stratigraphic profile to that of the Skasbukta section described above.
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3.2.8. Skansen section
The Skansen section is located on the southeastern part of Dickson Land which is close 
to the Skanbukta section (Fig. 3.3C), and it is exposed along the shore cliff on the west of 
Billefjorden (Fig. 3.12). Different from all other Spitsbergen sections that display mainly the 
Kapp Starostin Formation, the Skansen section uniquely exposes Upper Carboniferous to 
Lower Permian strata. The Skansen section located on the Nordfjorden High (Fig. 3.1) 
encompasses the Kapitol and Tyrrellfjellet members of the Wordiekammen Formation in the 
present lithstratigraphic scheme (Fig. 3.2). This section was first investigated by JNRG in 
1990 for searching and locating the Carboniferous to Permian boundary.
In the Skansen section the Kapitol Member unconformably underlain by Devonian 
sandstones is around 30 m thick and mainly comprises bioclastic limestones and dolomites. 
The overlying Tyrrellfjellet Member exceeds 100 m in thickness and is mainly composed of 
bioclastic limestones and dolomites with sandstone beds. Particularly, several palaeoaplysid 
(tabular, calcified fossils that are a common element of Late Palaeozoic reefs) build-ups are 
developed in the lower part of the member (JNRG, 1992, fig. 10). The upper part of the 
Tyrrellfjellet Member was not measured in the original expedition. Igo and Okimura (1992)
put the Carboniferous-Permian boundary within the palaeoaplysid-dominated beds of the 
Tyrrellfjellet Member, based on the biostratigraphy of foraminifers collected from the 
Skansen section.
According to the information from the original fossil collector (JNRG), brachiopod 
specimens were collected from a few limestone beds of the Tyrrellfjellet Member in the 
Skansen section, mostly from the lowermost limestone bed of this member (see JNRG, 1992, 
fig. 10-1, Unit 1). However, the present author suspects that these brachiopod specimens 
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might actually have been collected from an outcrop belonging to the Vøringen Member of the 
Kapp Starostin Formation, considering the strong similarities in rock lithology, micro-
biofacies as well as brachiopods themselves. Although many brachiopod species are known 
to have relatively long stratigraphic ranges, the abundance of two particular spiriferellid 
species, Arcullina polaris (Wiman, 1914) and Timaniella wilczecki (Toula, 1873) is a 
uniquely distinct characteristic of the brachiopod fauna in the Vøringen Member (see Chapter 
4). In particular, the genus Timaniella has been known only from post-Sakmarian rocks. The 
disappearance of photozoans and dominance of heterozoans (Fig. 3.15) is another highly 
distinctive diagnostic feature of the Vøringen Member, indicating a climatic shift from warm 
to cool conditions in Spitsbergen during the Artinskian (Fig. 2.6; Ezaki et al. 1994; Hüneke et 
al., 2001; Blomeier et al., 2011). Moreover, the dominant lithology of the rocks bearing the 
brachiopod fossils is yellowish, partly dolomitised, bioclastic limestone which exactly 
corresponds to that of Unit SA1 in the Skansbukta section. All these attributes would be 
explained if these brachiopods had been collected from the Vøringen Member in the 
Skansbukta section. If so, these fossils then must have been mistakenly labelled and mixed 
with fossils which had been indeed obtained from the Skansen section, as both sections were 
located very close one to another on the southeastern part of Dickson Land and examined by 
the same expedition team (JNRG) in 1990. This suspicion underlines the need for a further 
investigation on the Skansen section. Until this further study is undertaken and the exact 
source locality is verified, the stratigraphic interpretation for these brachiopod specimens 
remains problematic. In this thesis, these brachiopod specimens are included in the systematic 
palaeontology (Chapter 10), recorded as material collected from the Skansen section.
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Figure 3.15. Thin sections of selected Upper Palaeozoic rocks as exposed at the Skansen, 
Skansbukta, and Festningen sections in Spitsbergen. A-B, Section S1 known to be collected 
from a bioclastic limestone bed of the Tyrrellfjellet Member in the Skansen section. C,
Section SA1 from the Vøringen Member in the Skanbukta section. D, Section F8 from a 
bioclastic limestone bed of the Hovtinden Member in the Festningen section. All these 
sections display abundant heterozoan skeletal grains from bryozoans, brachiopods, and 
crionoids, but lacking photozoan elements. All thin sections were prepared and photographed 
by Mr. J. R. Oh. and Ms. M. Lee.
3.3. Lithological correlation between the studied Permian sections in Spitsbergen
All sections representing the Kapp Starostin Formation in Spitsbergen are briefly 
correlated here, based on their lithological features and stratigraphic positions (Fig 3.16).
The basal Vøringen Member composed of fossilferous bioclastic limestones is 
recognised in most sections except the Scheteligfjellet section, and therefore, is relatively 
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well correlated widely, in spite of its regional variation in thickness. However, the overlying 
strata exhibit significant variation in both lithology and thickness among the sections as is 
reflected in the recognition of several local members within the formation (Fig. 3.2; 
Dallmann, 1999). Interestingly, despite the strong lateral variation in lithology and thickness 
for the middle and upper parts of the Kapp Starostin Formation, there are no significant 
differences in overall biofacies which are mainly composed of brachiopods and bryozoans in 
limestone beds and sponge spicules in siliceous beds.
Nevertheless, the lithological correlation of the Kapp Starostin Formation between 
different sections remains as a challenge despite a few previous attempts. Polish studies 
(Malkowski and Hoffman, 1979; Malkowski, 1982) examined seven sections of the Kapp 
Starostin Formation distributed in west-central to westsouthern Spitsbergen (from Festningen 
to Treskelen). They correlated the sections using a biofacies approach through the analysis of 
dominant biotic components. Each biofacies was matched with a particular depositional 
environment and the changes of depositional environment over time (e.g., sea-level 
fluctuations) were compared between different sections. Ehrenberg et al. (2001) compared 
two sections exposing the full Kapp Starostin Formation, one in Akseløya located between 
the Festningen and Ahlstrandodden sections of the present study (Fig. 3.8) and the other in 
Dickson Land probably closely located to the Idodalen section here, and classified the 
lithology of the formation into eight facies associations. The sequence stratigraphy gained 
from the analysis of the facies associations recognised seven transgressive-regressive 
sequences in Akseløya and four sequences in Dickson Land. Ezaki et al. (1994) also 
recognised four sea-level fluctuation cycles from the Festningen section included in this study, 
but did not provide the correlation with other sections.
We here also provide a lithological correlation of the Kapp Starostin Formation through 
the brief comparison of depositional sequences between the studied sections (Fig 3.16). As 
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interpreted by Ezaki et al., (1994), four sedimentary facies are recognisable and are linked to 
sea-level fluctuations: 1) carbonate-dominated facies (limestones, siliceous limestones, and 
calcareous shale) interpreted to represent shallow shelf environment; 2) glauconite-rich silt-
to sandstone facies formed in deep shelf settings; 3) chert-dominated facies (spiculitic cherts 
and siliceous shales) of continental slope origin; and 4) laminated shale facies of deep basin 
origin. Most sections contain three to five regression-transgression cycles, and some of them 
are relatively well correlated between sections (Fig. 3.16). However, as indicated in previous 
works, the sections display different numbers of their detailed depositional sequences, and 
therefore, a more detailed and comprehensive correlation would require additional and 
complementary information from fossils and associated biostratigraphic analysis (see Chapter 
4).
3.4. Fossil locality of the Sverdrup Basin in the Arctic Canada
Apart from the fossil localities from the Spitsbergen sections described above, a small 
number of specimens from the Geological Survey of Canada (GSC) locality 26406 has also 
been included in this study. These fossils were collected from the Lyall River section located 
in Grinnell Peninsula of Devon Island, an island of the Canadian Arctic Archipelago (Fig 
3.17). This section represents the Upper Palaeozoic successions of the southern margin of the 
Sverdrup Basin (Fig 3.17B). 
3.4.1. Upper Palaeozoic of Sverdrup Basin 
The Sverdrup Basin is a sedimentary basin of the Canadian Arctic Archipelago which 
has been filled with Carboniferous to Palaeogene strata and extends from Prince Patrick 
Island to the southwest to Ellesmere Island to the northeast (Fig 3.17B). During the Late 
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Palaeozoic, the basin was located in the central part of the northern margin of Pangea, bound 
with north Greenland, Svalbard, and the Barents Shelf to the east (Fig. 2.5), although it is still 
uncertain how the Sverdrup Basin was connected to the latter areas. 
The Upper Palaeozoic stratigraphic scheme of the Sverdrup Basin is largely composed 
of two different lithological associations in terms of depositional setting: one was formed in 
the basin centre and the other in the marginal shelf area of the basin. The margin of the 
Sverdrup Basin hosts a thin succession punctuated by several prominent unconformities, 
whereas the basinal succession as known from the Axel Heiberg and Ellesmere islands 
provides a much thicker and conformable succession (Fig 2.6; Beauchamp et al., 1998; 
Beauchamp et al., 2009). The Lyall River section in Grinnell Peninsula represents the Upper 
Palaeozoic strata for the most proximal part in the southern margin of the Sverdrup Basin.
The evolution of the basin during the Late Palaeozoic has been well studied through a 
large number of sedimentological and palaeontological investigations (e.g., Harker and 
Thorsteinsson, 1960; Beauchamp, 1994; Beauchamp and Thériault, 1994; Beauchamp and 
Desrochers, 1997; Beauchamp and Baud, 2002; Reid et al., 2007; Grasby and Beauchamp, 
2008; Beauchamp et al., 2009). The development of different depositional, tectonic and 
climatic settings inferred from the Upper Palaeozoic strata of the Sverdrup Basin bears 
considerable consistency with that in other Arctic regions including Svalbard, north 
Greenland and the Barents Shelf (Fig 2.6; Stemmerik and Worsley, 1995, 2005). In addition, 
as the Upper Permian (both Wuchiapingian and Changhsingian) continuous successions, 
represented in the Sverdrup Basin by the Linström and Black Stripe formations, have been 
recently reported along with the well-defined Permian-Triassic transition (Beauchamp et al., 
2009; Grasby and Beauchamp, 2009; Algeo et al., 2012), the understanding of the late 
Permian environmental conditions and the end-Permian mass extinction in the northern 
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margin of Pangea positioned at the mid-latitude of the North Hemisphere has been much 
advanced.
3.4.2. Upper Palaeozoic lithostratigraphy in Lyall River section
The Lyall River section is located at the northern part of Grinnell Peninsula in Devon 
Island (Fig 3.17). The Upper Palaeozoic Lyall River section was first described in detail by R. 
Thorsteinsson (in Harker and Thorsteinsson, 1960) following an expedition to the area in 
1955. Prior to this expedition, it was known that Sir Edward Belcher had collected some 
fossils from the same section in 1853 (Beauchamp et al., 1998). In their paper, Harker and 
Thorsteinsson (1960) only defined two Upper Palaeozoic formations, the Belcher Channel 
and Assistance formations. Later, these formations were subdivided with more 
lithostratigraphic units proposed along with biostratigraphic age-dating and interpretation of 
depositional environments (Beauchamp and Thériault, 1994; Beauchamp et al., 1998).
According to the detailed sedimentological investigation for thirteen Upper Palaeozoic 
subsections around Lyall River by Beauchamp and Thériault (1994), the Lyall River section 
is known to contain a Carboniferous to Permian succession composed of seven formations. 
Also unconformities bounding five low-order sequences were recognised, suggesting time 
gaps within the section. 
The lowest Emma Fiord Formation (Visean) unconformably lies on the Ordovician to 
Silurian Franklinian basement and consists of shales, sandstones, and carbonates, all believed 
to have been deposited in lacustrine environments under humid conditions (Davies and 
Nassichuk, 1988).
The unconformably overlying Bashkirian Lower Clastic Member of the Canyon Fiord 
Formation comprises reddish conglomerates associated with sandstones and siltstones, which 
was interpreted to be deposited in alluvial fans (Beauchamp and Thériault, 1994; Beauchamp 
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et al., 1998). The red-coloured sedimentation indicates the climatic condition was warm and 
arid. The Middle Limestone Member of the Canyon Formation observed in the distal area of 
the basin margin is missing in the Lyall River section, possibly due to erosion. 
The Gzhelian to early Sakmarian sequence is represented by the Upper Clastic Member 
of the Canyon Formation and the overlying Belcher Channel Formation. The former is 
composed of variably calcareous sandstones, whereas the latter is dominated by sandy 
carbonates. This sequence represents a transition from a coastline to subtidal sedimentation 
regime under warm and arid conditions (Beauchamp and Thériault, 1994; Beauchamp et al., 
1998).
The Raanes Formation lies with an unconformity on the Belcher Channel Formation 
and forms the late Sakmarian to Artinskian sequence with the conformably overlying Great 
Bear Cape Formation. The mixed clastic-carbonate Rannes Formation and the bioclastic 
grainstone-dominated Great Bear Cape Formation provide abundant fossils including 
brachiopods, bryozoans, echinoderms, and fusulinids, and a shift to temperate climatic 
conditions has been interpreted to mark the boundary between these two formations 
(Beauchamp, 1994).
The Belcher Channel Formation originally described by Harker and Thorsteinsson 
(1960) includes all the formations from the Canyon Fiord Formation to the Great Bear Cape 
Formation in the current scheme. 
The ‘Assistance Formation’ in Harker and Thorsteinsson (1960) has since been 
subdivided into three formations by Beauchamp and Thériault (1994). The revised Assistance 
Formation (Roadian) unconformably lies on the Great Bear Cape Formation and is dominated 
by unconsolidated sands with well-preserved fossils. The conformably overlying Trold Fiord 
Formation (Wordian) is composed of glauconitic sandstones lacking in fossils, and upward it 
is unconformably overlain by the Triassic Bjorne Formation. These two formations formed 
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the last unit of the Upper Palaeozoic-Triassic sequences in the Lyall River section, deposited 
in shallow siliciclastic shelf environments (Beauchamp and Thériault, 1994; Beauchamp et 
al., 1998). Indicators of cold climatic conditions including dropstones have been detected
from other sections representing the Trold Fiord and the correlative Degerböls formations, 
but, they are not evident in the Lyall River section (Beauchamp, 1994). The LinstrÚm
Formation representing the Upper Permian is missing in the Lyall River section.
3.4.3. Assistance Formation and GSC locality 26406
All Canadian brachiopod fossils described here were collected from GSC locality 
26406 within the Assistance Formation (s.s.) of the Lyall River section. The outcrop section 
including GSC 26406 is located on the western bank of Lyall River near the river mouth in 
Grinnell Peninsula (Fig. 3.17C; Harker and Thorsteinsson, 1960, fig. 2), and it coincides with 
the ‘locality 1’ in Beauchamp and Thériault (1994) and ‘locality PAB 45’ in Beauchamp et al. 
(1998). In the outcrop section, the Canyon Fiord, Belcher Channel, Raanes, Great Bear Cape, 
Assistance, Trold Fiord, and Bjorne formations are exposed (Fig. 3.18).
The GSC 26406 locality represents the uppermost sandstone bed of the Assistance 
Formation at the Lyall River section. Here, the sandstone bed is located at ~45 m above the 
base of the Assistance Formation (Fig. 3.18; Harker and Thorsteinsson, 1960; Nassichuk, 
1970; Babcock, 1988; Utting, 1994). The Assistance Formation in this outcrop represents the 
type section of the formation and is 53.5 m thick. The formation here consists of green- to 
gray-coloured, loosely consolidated sandstones associated with minor siltstones and 
limestones (Beauchamp and Thériault, 1994; Beauchamp et al., 1998). A variety of fossils 
has been reported from the Assistance Formation in the section, including brachiopods 
(Harker and Thorsteinsson, 1960; Waterhouse and Waddington, 1982), molluscs (Harker and 
Thorsteinsson, 1960; Logan, 1970; Nassichuk, 1970; Nassichuk and Hodgkinson, 1976),
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conulariids (Harker and Thorsteinsson, 1960; Babcock, 1988), conodonts (Beauchamp et al., 
1998), palynomorphs (Utting, 1994), and vertebrate fossils (Nassichuk, 1971). Most 
palaeontological evidences from the Assistance Formation (s.s.) commonly suggest that the 
formation was deposited in shallow siliciclastic shelf environments during the Roadian.
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Chapter 4. Biostratigraphy, age, and correlation of Permian brachiopod 
assemblages from the Kapp Starostin Formation in Spitsbergen
Although a large amount of fossils has been reported from the Kapp Starostin 
Formation since the 19th century, the biostratigraphy and age range of the formation is still 
unclear. Nakrem et al. (1992) provided a review of the whole Permian biostratigraphy of 
Svalbard, suggesting that the basal member of the Kapp Starostin Formation represents late 
Cisularian (late Artinskian to Kungurian) whilst the upper members would be late Cisularian 
(Kungurian) to middle Guadalupian (or Kazanian which corresponds broadly to Wordian in 
the present chronostratigraphic scheme) in age. However, in spite of the general agreement 
for the age of the basal part, other studies suggested that the upper part of the Kapp Starostin 
Formation, at least partly, spans the Lopingian, based on brachiopod faunas (Nakamura et al., 
1987, 1992; Shen et al. 2005). Moreover, some studies proposed that there are no hiatus in 
the succession between the Kapp Starostin Formation and the overlying Triassic Vardebukta 
Formation, implying that the upper part of Kapp Starostin Formation would represent the 
very late Permian (Changhsingian) just prior to the Permian to Triassic transition 
(Gruszczynski et al., 1989; Wignall et al., 1998; Nabbefeld et al., 2010).
This disagreement in the age range of the Kapp Starostin Formation (particularly, for its 
upper part) is caused primarily by the scarcity of biostratigraphically important microfossils 
(such as conodonts and fusulines) in this formation. Macrofossils including brachiopods are 
relatively more common but they generally have longer age ranges than microfossils. 
Nevertheless, a detailed biostratigraphic analysis of brachiopod assemblages and their ages is 
necessary as they can provide some constraints on the age of the formation í this is important 
particularly when microfossils, such as conodonts and fusulines, are extremely rare in the 
formation. Therefore, this chapter attempts to define the detailed biostratigraphy for the 
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Permian brachiopod assemblages from the Kapp Starostin Formation, providing a basis for 
the interpretation of the age of the formation as well as for the understanding of the overall 
palaeobiogeographical affinities of the Kapp Starostin fauna.
4.1. Biozonation of Permian brachiopod assemblages from the Kapp Starostin 
Formation
The brachiopod assemblages from the Kapp Starostin Formation have been interpreted 
in two different views. One regarded all the brachiopod assemblages from the Kapp Starostin 
Formation (Brachiopod Cherts including Spirifer Limestone in old sense) as a single 
relatively uniform fauna characterising a particular interval in the Permian, named, the 
Svalbardian Stage (Stepanov, 1957; Gobbett, 1963). By contrast, Nakamura et al. (1987, 1992) 
proposed five brachiopod biozones, as well as a detailed correlation with the Late Permian 
brachiopod faunas from East Greenland. But soon later the brachiopod-based biostratigraphic 
scheme initially proposed by Nakamura et al. (1987) met with criticism from Stemmerik 
(1988), who commented that the brachiopod biozones proposed by Nakamura and colleagues 
represent local ecological communities with strong local environmental control rather than 
representing broad basin-wide biostratigraphic horizons.
This study re-examined the brachiopod biozonation scheme proposed by Nakamura et
al. (1987, 1992) through the integration of more extensive materials including the collections 
made by the Geological Survey of Japan (GSJ) in 1986, the collection of the Japanese-
Norwegian Research Group (JNRG) in 1989-1991, and the collection of the Korea Polar 
Research Institute (KOPRI) in 2012. A large part of the original GSJ and JNRG specimens 
(spiriferide and spiriferinide brachiopods) have been examined in detail in this thesis, along 
with the KOPRI collection. Chonetidine brachiopods from the GSJ and JNRG collections 
were studied in detail by Shen et al. (2005), the result of which has been included here for the 
73
purpose of biostratigraphic discussion. Other brachiopods (mainly productidine brachiopods) 
from the GSJ and JNRG collections largely remain unpublished; therefore the original 
general reports, provided by Nakamura et al. (1987, 1992) and Nakazawa et al. (1990), are 
very valuable in as far as the productidine brachiopods are concerned and consequently have 
also been referred to the context of discussing the ages of the Kapp Starostin brachiopod 
assemblages. In this context, it is important to note that both Shi (1995) and Angiolini and 
Long (2008) have revised some of the species reported by Nakamura and colleagues í these 
revisions are also considered here. (The species which were recognised in the original reports 
by Nakamura and colleagues but identified under other names in this study are listed in Table 
4.1.)
Table 4.1. Revision of brachiopods that were reported by Nakamura et al. (1992).
Nakamura et al. (1992)                This study         References
Chonetina spitzbergiana Dyoros mucronata Shen, Tazawa, and Shi, 2005 Shen et al. (2005)
Horridonia timanica Bruntonia maynci (Dunbar, 1955) Angiolini and Long (2008)
Horridonia maynci Bruntonia maynci (Dunbar, 1955) Angiolini and Long (2008)
Horridonia granulifera Bruntonia granulifera (Toula, 1875) Angiolini and Long (2008)
Horridonia scoresbyensis Pleurohorridonia scoresbyensis Dunbar, 1955 Dunbar (1955)
Muirwoodia mammata Yakovlevia mammata (Keyserling, 1846) Brabb and Grant (1971); Shi (1995)
Muirwoodia duplex Yakovlevia duplex (Wiman, 1914) Kalashnikov (1993); Shi (1995)
Muirwoodia greenlandica Yakovlevia greenlandica (Dunbar, 1955) Shi (1995)
Yakovlevia impressa Archboldevia impressa (Toula, 1875) Angiolini and Long (2008)
Megousia weyprechti Kuvelousia weyprechti (Toula, 1873) Brabb and Grant (1971)
Liosotella spitzbergiana Anemonaria spitzbergiana (Toula, 1875) Kalashnikov (1993)
Neospirifer grönwalli Fasciculatia groenwalli (Dunbar, 1962) The present work
Neospirifer striato-paradoxus Fasciculatia striatoparadoxa (Toula, 1873) The present work
Spiriferella saranae Spiriferella loveni (Toula, 1875) The present work
Spiriferella polaris Arcullina polaris (Wiman, 1914) Waterhouse (1986)
Spiriferella wilczecki Timaniella wilczecki (Toula, 1873) The present work
Pterospirifer alatus Pterospirifer cordieri (Robert, 1845) Gobbett (1963); The present work
Paeckelmanella sp. Paeckelmanella aff. P. expansa (Tschernyschew, 1902) Gobbett (1963); The present work
Licharewia spitzbergiana Licharewia cf. L. grewingki (Netschajew, 1911) Gobbett (1963); The present work
Pseudosyrinx wimani Pseudosyringothyris borealis Gobbett, 1963 The present work
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In the following discussions, the brachiopod biostratigraphy of each section is first 
reviewed and updated, or newly established. The recognised brachiopod assemblages are then 
correlated among the sections in the study area and also beyond, with the discussion of their 
ages.
4.1.1. Festningen section
Nakamura et al. (1987) originally established five brachiopod biozones from the type 
section of the Kapp Starostin Formation, Festningen section, consisting of, in ascending order: 
Horridonia timanica, Waagenoconcha sp. A, Megousia weyprechti, Pterospirifer alatus, and
Haydene wilczeki zones. Subsequently, the Waagenoconcha sp. A Zone was renamed as the 
Paeckelmanella sp. Zone in Nakamura et al. (1992). Although numerous species have been 
taxonomically revised and reassigned to other genera or species (Table 4.1), and their 
stratigraphic ranges modified, as a result of the detailed taxonomic work carried out here, the 
newly reconstructed biostratigraphy in the type section still demonstrates the presence of five 
brachiopod stratigraphic assemblages, which are nearly identical to the biozones proposed by 
Nakamura et al. (1987, 1992) (Fig. 4.1).
The Horridonia timanica Zone, probably corresponding to the basal Vøringen Member 
and is represented by the FF01 fossil horizon, exhibits a very distinctive brachiopod 
assemblage. Horridonia timanica was originally thought by Nakamura et al. (1987) to be a 
diagnostic species for this biozone, but this species has been found to be a synonym of 
Bruntonia maynci in Angiolini and Long (2008). Consequently, the age range of Horridonia
timanica is considerably longer than originally thought and extends at least into the younger 
Megousia weyprechti Zone (Fig. 4.1). Aside from this species, most other species included in 
the Horridonia timanica Zone, including Fasciculatia groenwalli, Arcullina polaris,
Timaniella wilczecki, Chaoiella neoinflata, Yakovlevia mammata, and Bruntonia granulifera,

76
are restricted to the Vøringen Member in the type section. These species also exclusively 
occur in the basal part of the formation in all studied sections, strongly supporting the validity 
of this biozone as a coeval and regionally correlatable biostratigraphic unit.
The Paeckelmanella sp. Zone (FF02 to FF06) is defined by Linoproductus 
janischewskianus, Yakovlevia duplex, and Paeckelmanella aff. P. expansa in the lower part of 
the zone, and Licharewia cf. L. grewingki and Stenoscisma sp. in the upper part. In addition, 
several species with relatively long stratigraphic ranges, such as Fasciculatia striatoparadoxa,
Spiriferella loveni, Cleiothyridina pectinifera, Cleiothyridina kotlukovi, and Lissochonetes
superba, also appear for the first time in this zone. In the Festningen section, this zone 
occupies the upper part of Svenskeegga Member and the lower part of the Hovtinden Member.
The overlying Megousia weyprechti Zone (FF07 to FF10) simply corresponds to the 
stratigraphic range of Kulveousia weyprechti, occupying the middle part of the Hovtinden 
Member in the Festningen section. This zone is also characterised by the occurrence of 
Waagenoconcha payeri, Thureproductus crassauritus, and ?Larispirifer sp. in the Festningen 
section. There are several other species also confined within the zone in this section, but they 
display variable stratigraphic rages in the other sections. 
The succeeding Pterospirifer alatus Zone (FF11 to FF15) is characterised by the ranges 
of Pseudohorridonia scoresbyensis, spiriferellid gen. sp. indet., and Pterospirifer cordieri, but, 
both of which are rare in most other studied sections. This zone is located in the upper part of 
the Hovtinden Member with the overlying Haydenella wilczeki Zone. 
The Haydenella wilczeki Zone is the youngest biozone in the Festningen section, and is 
represented by an assemblage including Haydenella wilczeki, Haydenella gefoensis, and 
Dielasma elongatum, all of which only occur in the FF16 horizon of the Festningen section. 
Waagenoconcha irginaeformis and Megousia yakutica are also present in this horizon, 
however, they appear in much lower horizons in other sections.
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4.1.2. Trygghamna section
Compared with the Festningen section, the biostratigraphy of the Trygghaman section 
is less well constrained as it is represented by much less amount of species from only a fewer 
brachiopod-bearing horizons. As a result, the lower four biozones of the Festningen section 
(type section) are recognised (Fig. 4.2).
In the Trygghamna section, the basal Horridonia timanica Zone is characterised by two 
fossil-bearing horizons (TF01-02) as they share many species confined to the same zone of 
the Festningen. Archboldevia impressa and Waagenoconcha irginae, both absent in the 
Festningen, are confined to this zone in the Trygghamna, and they are in some other sections. 
In addition, Yakovlevia duplex and Spiriferella loveni are also present in the zone though they 
mostly appear in the upper biozones of the other sections.
The Paeckelmanella sp. Zone (TF03-05) is identified with a few species, such as 
Paeckelmanella aff. P. expansa in the lower part, and Licharewia cf. L. grewingki and
Stenoscisma sp. in the upper part, but this biozone spans more than 140 m interval in the 
section. Several relatively long ranging species in the Festningen section, such as 
Anemonaria pseudoharrida, Kochiproductus plexicostatus, and Lissochonetes superba, are 
nevertheless confined in the Paeckelmanella Zone in the Trygghamna section.
The existence of the Megousia weyprechti Zone in the Trygghamna section is 
somewhat ambiguous and requires further work, because it is only represented by TF6 
bearing just two species, Fasciculatia striatoparadoxa and Thureproductus crassauritus.
Further, ?Larispirifer sp. occurring in this zone of the Festningen section is absent here but 
appears in the upper horizons (TF07-08) with Pterospirifer cordieri, representing the 
Pterospirifer alatus Zone.
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No species of the Haydenella wilczeki Zone in the type section has been reported from 
the Trygghamna section.
4.1.3. Reinodden and Ahlstrandodden sections
The Reinodden and Ahlstrandodden sections also contain a distinctive brachiopod 
assemblage assignable to the Horridonia timanica Zone at the basal bed, represented by 
Arcullina polaris, Timaniella wilczecki, Chaoiella neoinflata, and Bruntonia granulifera.
However, the other brachiopod biozones recognised from the type section have not been 
clearly identified from these two sections. Although representative species of the Megousia
weyprechti Zone are present in these two sections, they tend to appear in relatively lower 
stratigraphic positions compared to their counterparts in the type and other studied sections. 
Particularly, the diagnostic species of the zone, Kuvelousia weyprechti, occurs in a much 
lower horizon (RF03/AF04) than Paeckelmanella aff. P. expansa (RF06/AF07) in both these 
two sections (Fig. 4.3, 4.4). Another characteristic species of the Paeckelmanella sp. Zone, 
Licharewia cf. L. grewingki, is also found occurring upper (AF06), stratigraphically than 
Kuvelousia weyprechti, in the Ahlstrandodden section. This stratigraphically reversed 
appearance seems to support the opinion of Stemmerik (1988) that the distribution of 
brachiopod species from the Kapp Starostin Formation would be ecologically controlled with 
little stratigraphical implication.
However, in spite of notable differences in stratigraphic occurrences of some 
brachiopod species between these two sections and other sections, the upper fossil horizons 
(RF08 and AF09) of both of these two sections commonly demonstrate some species which 
have been only found from the upper part of the Kapp Starostin Formation. Particularly, the 
occurrence of ?Larispirifer sp. and spiriferellid gen. sp. indet., both of which are confined in 
the upper part of the Megousia weyprechti Zone and the Pterospirifer alatus Zone in the 
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Festningen and Trygghamna sections, suggests that RF08 and AF09 may be correlated with 
the upper part of Megousia weyprechti Zone and Pterospirifer alatus Zone in the type section.
4.1.4. Idodalen section
The Idodalen section displays a distinct division into three brachiopod assemblages that 
can be well matched with the lower three biozones of the type section. Interestingly, except 
Spiriferella loveni, all other species are confined to only one of these three zones (Fig. 4.5).
The brachiopod assemblage from the IF01 horizon, representing the Horridonia
timanica Zone, contain brachiopods restricted to the Vøringen Member in other sections, 
such as Arcullina polaris, Timaniella wilczecki, Derbyia grandis, Archboldevia impressa,
Waagenoconcha irginae, and Waagenoconcha arctica. Although Streptorhynchus kempei has
also been reported in the Megousia weyprechti Zone in the type section (Nakamura et al., 
1992), this species occurs in the basal horizon of Idodalen section.
The Paeckelmanella sp. Zone is represented by two horizons in the lower part of the 
Idodalen section (IF02, 03) bearing Licharewia cf. L. grewingki, Paeckelmanella aff. P. 
expansa, and Yakovlevia duplex. These species are also common in the same zone of other 
sections. It is noteworthy that Licharewia cf. L. grewingki appears to occur lower 
stratigrapically in the Idodalen section than it is in other sections.
The uppermost two brachiopod-bearing horizons (IF04, 05) stand for the Megousia
weyprechti Zone, especially through the presence of two key species: Kuvelousia weyprechti
and Thureproductus crassauritus.
4.1.5. Skansbukta section
The two closely located subsections in Skansbukta exhibit brachiopod assemblages 
representing only two biozones, the Horridonia timanica and Megousia weyprechti zones 
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(Fig. 4.6). Brachiopod faunas, indicating the Paeckelmanella sp. Zone which is commonly 
present in most other sections, have not been found in the Skansbukta section.
The basal horizons (SAF01 and SBF01) contain the Horridonia timanica Zone, with 
Arcullina polaris, Timaneilla wilczecki, and Archboldevia impressa í all confined to the same 
biozone in other sections. With the Idodalen section, the Skansbukta A subsection also bears 
Spiriferella keilhavii whose type specimen was reported from the Hambergfjellet Formation 
(probably Artinskian in age) in Bjørnøya. Pseudosyringothyris borealis, which occurs in the 
Megousia weyprechti Zone of the type section, appears in the Horridonia timanica Zone of 
the Skansbukta B subsection.
The middle to upper parts of the Skansbukta section contain two brachiopod-bearing 
horizons in both subsections (SAF02-03 and SBF02-03), collectively both assignable to the 
Megousia weyprechti Zone, through the occurrence of Kulveousia weyprechti. Interestingly, 
the occurrences in this zone of a few other species, such as Megousia yakutica and
Waagenoconcha irginaeformis, restricted to the Pterospirifer alatus and Haydenella wilczeki 
zones in the Festningen section, suggest that these two brachiopod-bearing horizons may 
contain elements belonging to the higher (younger) brachiopod zone. On the other hand, the 
SBF03 horizon of the Skansbukta B subsection is also well matched with the FF09 horizon of 
the Festningen section as both are represented by the abundant occurrences of Spiriferella 
loveni and Fasciculatia striatoparadoxa. This suggests that SBF03 and FF09 may be coeval 
in age, which in turn would mean that SAF02-03 and SBF02-03 can be considered to 
represent the Megousia weyprechti Zone, well correlated to the FF09 horizon in the type 
section.
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4.1.6. Scheteligfjellet section
As this section is still poorly understood with a relatively small brachiopod collection, 
it would be premature to conclude the biostratigraphy of the studied interval. However, the 
brachiopod assemblage from the interval including eight fossil horizons (SFF01-08) seems to 
represent a part of the Paeckelmanella sp. Zone (Fig. 4.7). At present, six species have been 
identified. Of these, Fasciculatia striatoparadoxa, Anemonaria pseudohorrida, Spiriferella 
loveni, and Lissochonetes superba are mostly common in the middle and upper parts of the 
Kapp Starostin Formation in other sections and therefore cannot be uniquely assigned to any 
particular brachiopod zone, but the appearance of Stenoscisma sp. suggests similarities to 
Paeckelmanella sp. Zone.
4.1.7. Biostratigraphic correlation between the studied sections
As outlined above, fundamentally we have applied the brachiopod-based 
biostratigraphical framework proposed by Nakamura et al. (1992) to all the studied sections 
(Figs. 4.1-4.7). Although the succession of the five brachiopod biozones is well-recognised in 
the Festningen section, the recognition of some of these biozones in other sections is less 
clear. Particularly, the Pterospirifer alatus Zone is, until now, clearly known only from the 
Festningen and Trygghamna sections, and the uppermost Haydenella wilczeki Zone only from 
the type section. The presence of two lower biozones, Paeckelmanella sp. and Megousia
weyprechti zones, in the Reinodden and Ahlstrandodden sections is also uncertain, as the 
diagnostic species of the Megousia weyprechti Zone occurs in or below the horizons with the 
brachiopod assemblage indicating the underlying Paeckelmanella sp. Zone. Besides, with the 
exception of the type section, all other sections have only yielded a small number of species 
in the middle and upper horizons of the Kapp Starostin Formation, it is therefore difficult to 
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apply the biozonation scheme of Nakamura et al. (1992) as a regional standard for the 
biostratigraphic correlation of Spitsbergen brachiopod assemblages.
In spite of the difficulty in applying the brachiopod biozonal scheme of Nakamura et al. 
(1992) across Spitsbergen, most sections commonly display a similar stratigraphic division 
into three brachiopod assemblages, corresponding respectively to Horridonia timanica,
Paeckelmanella sp., and Megousia weyprechti zones in the scale of Nakamura et al. This 
common division enables us to correlate between different sections through the comparison 
of brachiopod assemblages (Fig. 4.8). Interestingly, this biostratigraphic subdivision and 
correlation among the sections bears a striking similarity to the lithological divisions within 
these same sections (Fig. 3.16). This coincidence would suggest, as has been noted by 
Malkowski and Hoffman (1979) and Stemmerik (1988), that the stratigraphic variation in 
brachiopod faunal composition among the studied section might be related to local 
environmental and/or ecological controls. In this sense, these brachiopod biozones proposed 
by Nakamura et al. (1992) may be best regarded as ecostratigraphic assemblages, implying 
that they are of broad chronostratigraphic significance but may vary in species composition at 
different localities.
Contrary to the relatively well-correlated lower three biozones, the lateral correlation of 
the uppermost two biozones is much more difficult, due to the absence of indicative 
brachiopod assemblages from most sections in Spitsbergen. More fieldwork and collecting 
needs to be done in the upper part of the Kapp Starostin Formation with a view to improving 
the correlatability of these two younger zones. In this context, it is somewhat curious to note 
that the brachiopod fauna, reported from the Vøringen Member in Skansen, Spitsbergen 
(which might be closely located from the Skansbukta and Skansen sections in this study) by 
Angiolini and Long (2008), is partly discordant with our biostratigraphic result. It is certain 
that this fauna includes some species which represent the basal part of the Kapp Starostin
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Formation in our study, such as Fasciculatia groenwalli, Spiriferella keilhavii, Archboldevia 
impressa, and Bruntonia granulifera. However, it also contains a few taxa which, as shown in 
our study, occur only in the middle to upper parts of the formation, like Kochiproductus 
plexicostatus and Kuvelousia weyprechti. Further, some abundant species we have found in 
the Vøringen Member of the Skansbukta section, including Arcullina polaris and Timaniella 
wilczecki, are missing in the fauna reported by Angiolini and Long (2008). Still, the 
brachiopod assemblage reported by Gobbett (1963) from the Vøringen Member is neither 
matched with the fauna reported by Angiolini and Long (2008), nor with our assemblage. The 
differences may be explained by two scenarios: one is that the Vøringen Member was not 
deposited contemporaneously in the basin, hence explaining different age and composition 
for the faunas from the same rock unit (member). The other possibility is that this member 
may have been misunderstood and may, in fact, represent different rock units. This is quite 
possible given each of the collections, respectively studied Gobbett (1963), Angiolini and 
Long (2008), and in this work, was made by different field geologists with significant time 
apart. Our biostratigraphic result from the widely distributed sections supports that the 
Vøringen Member, as referred to here, was deposited contemporaneously in Spitsbergen, 
especially in western and central Spitsbergen where the member demonstrate a considerably 
uniform faunal composition.
4.2. Discussion of age
It is interesting that the palaeontological views for the age of the Kapp Starostin 
Formation demonstrate an exquisite contrast. Most researchers agree with that the age of the 
basal part represented by the Vøringen Member is late Cisularian (late Artinskian to 
Kungurian), whereas the age of the upper part of the formation is still in debate.
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The basal Vøringen Member of the Kapp Starostin Formation is mainly composed of 
limestone beds containing a variety of abundant fossils. Some studies (Szaniawski and 
Malkowski, 1979; Buggisch et al., 2001) reported a few species of conodont mainly 
belonging to the genera Neostreptognathodus and Sweetognathus from this member, and the 
conodont fauna has been considered to indicate late Artinskian to early Kungurian age 
(Nakrem et al., 1992). This age dating for the Vøringen Member has been relatively well 
matched with results from most other fossil faunas including bryozoans (Nakrem, 1994),
brachiopods (Biernat and Birkenmajer, 1981; Nakamura et al., 1987; Angiolini and Long, 
2008), bivalves (Nakazawa, 1999), and palynology (Mangerud and Konieczny, 1993), which 
were mostly estimated as Artinskian to Kungurian. Most recently, Ehrenberg et al. (2010) was 
able to further refine the age for the basal part of the Kapp Starostin Formation to mid-
Artinskian based on the analysis of strontium isotope compositions. 
Our spiriferide brachiopod materials collected from the Vøringen Member broadly 
suggests an Artinskian-Kungurian age. In particular, Arcullina polaris, Timaniella wilczecki,
and Fasciculatia groenwalli from the Vøringen Member exhibit nearly identical morphology 
to the same or close species from the Kungurian strata of northern Timan, Russia (see 
(Barchatova, 1968, 1970; Kalashnikov, 1998). Further, the productide species commonly 
reported from the Vøringen Member, such as Yakovlevia mammata, Archboldevia impressa,
and Chaoiella neoinflata, have also been known to be widely distributed in the Artinskian to 
Kungurian strata in the Arctic region including northeast Greenland, Arctic Canada, and the 
Urals. On the other hand, Nakamura et al. (1987) pointed out the existence of some younger 
taxa from the Vøringen Member, for example, several Licharewia species reported by 
Gobbett (1963). These species were mostly collected from Ny-Friesland located in northeast 
Spitsbergen – this might suggest that the Vøringen Member there was formed during a 
younger period.
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As mentioned above, the age for the middle to upper parts of the Kapp Starostin 
Formation has been variably interpreted. According to Permian biostratigraphic review for 
Svalbard by Nakrem et al. (1992), the upper part of the Kapp Starostin has been dated 
differently by fossil groups with ages ranging between Kungurian and Wordian. For example, 
Szaniawski and Malkowski (1979) reported a conodont fauna bearing Mesogondolella 
idahoensis from the upper part of the formation suggesting a late Kungurian age. Ustritsky 
(1979), based on the brachiopod faunas, suggested that the upper part of the formation would 
indicate Roadian and that its nearly topmost part Wordian. Sosipatrova (1969) identified two 
foraminifera assemblages from the middle and upper parts of the formation, assigned to the 
late Kungurian and Roadian. Nakrem et al. (1992) commented that the upper part of 
formation contains Wordian elements of bryozoans. Contrary to most previous views, 
Nakamura et al. (1992) proposed that the brachiopods from the upper part of the formation 
indicate the Capitanian to Wuchiapingian age. In spite of their variations in age determination 
for the upper part of the formation, most of the previous biostratigraphic studies agreed that 
the Late Permian, or the Lopingian, is missing in the Kapp Starostin Formation.
However, several isotopic studies have discovered that the uppermost part of the Kapp 
Starostin Formation in some sections of Spitsbergen spans continuously from the 
Changhsingian to Induan (Gruszczynski et al., 1989; Wignall et al., 1998; Nabbefeld et al., 
2010; Dustira et al., 2013). On this basis, Shen et al. (2005) also thought that the Kapp 
Starostin Formation in Spitsbergen as a whole represents a continuous succession extending 
from Artinskian to Changsingian.
The discrepancy between the biostratigraphic and isotopic ages may be an artifact
caused by the difference of investigated intervals. Most isotopic-age studies have been based 
on samples from the uppermost part of the Kapp Starostin Formation with a transition to the 
overlying Vardebukta Formation, whereas the biostratigraphic data have been based on fossils 
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collected mainly from lower stratigraphic intervals, probably all having come from below the 
glauconite-rich sandstone beds belonging to the uppermost part of the Kapp Starostin 
Formation. This is also true with all the brachiopod materials studied here – all but one 
collection were made from the intervals below the sandstone beds. The only exception is the 
FF16 horizon in the Festningen section, which occur above the first glauconite-rich bed (Fig. 
4.1). In this regard, it is worth noting that the high contents of glauconite generally indicate 
the slow sedimentation rate (Amorosi, 1997), which can further be inferred to indicate that 
the interval with these sandstone beds may span a considerable period of geological age.
The age of the brachiopod fauna of the Kapp Starostin Formation may be further 
constrained through its correlation with the Permian brachiopod fauna of east Greenland. 
Using their proposed brachiopod assemblages, Nakamura et al. (1987) correlated the lower 
part of the Kapp Starostin Formation with the Kim Fjelde Formation in northeast Greenland 
(Dunbar, 1962) and upper part with the Wegener Halvø Formation of Foldvik Creek Group in 
central east Greenland (Dunbar, 1955). In particularly, Nakamura et al. (1987) directly 
matched the two brachiopod zones from the Wegener Halvø Formation with the Megousia
weyprechti and Pterospirifer alatus zones in the upper part of the Kapp Starostin Formation. 
Based on this correlation and also considering that the upper part of the Wegener Halvø 
Formation has yielded ammonoid Godthaabites, of Wuchiapingian age, Nakamura et al. 
(1987) concluded that the uppermost biozone of the Kapp Starostin Formation, namely the 
Haydenella wilczeki Zone, would be assigned to the Wuchiapingian, a view that however has 
been rejected by Stemmerik (1988). Having reviewed the Permian brachiopod faunas from 
both Spitsbergen and Greenland in the context of the present work, we tend to agree with 
Stemmerik (1988) that considerable difference exist in Permian brachiopod faunas between 
these two regions despite the existence of some sharing species. As will be detailed in the 
systematic chapter (Chapter 10), some of the spiriferid species that have been noted the same 
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between the two regions in some previous literature are in fact quite different in shell 
ornamentation. Consequently, we here suggest that the age for the upper part of the Kapp 
Starostin Formation is likely to be Capitanian to possibly early Wuchiapingian in view of the 
brachiopod assemblages, considering that the age of the Wegener Halvø Formation in central 
east Greenland is regarded as Wuchiapingian. 
4.3. Correlation and palaeobiogeographical affinities
4.3.1. Arctic region
The brachiopod faunas from the Kapp Starostin Formation demonstrate a gradual 
transition in palaeobiogegraphical affinity during the Permian, although the overall 
brachiopod composition of the Permian Spitsbergen brachiopod fauna is comparable with 
those of the broad Arctic region. In the earlier Permian (Artinskian to Kungurian) represented 
by the Vøringen Member, the brachiopod fauna of Spitsbergen is strongly comparable to that 
of the Timan-Pechora in Russia, particularly those from northern Timan (Kalashnikov, 1998).
On the other hand, the brachiopod faunas from the upper beds than the Vøringen Member in 
the formation present a significantly different composition from that of the Vøringen Member. 
The brachiopod assemblage from the strata immediately above the Vøringen Member is 
similar to that of northeast Greenland reported by Dunbar (1962). This northeast Greenland 
fauna also contains some species also present in the Vøringen Member of Spitsbergen. 
Finally, as already mentioned above, the brachiopod fauna from the upper part of the Kapp 
Starostin Formation generally resembles that of the central east Greenland, as commented by 
Dunbar (1955).
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Numerous brachiopod species have been reported from Permian strata of Novaya 
Zemlya (Holtedahl, 1924; Miloradovich, 1935; Licharew and Einor, 1939). Some of these are 
shared with species common in the middle to upper part of Kapp Starostin Formation, such as 
Anemonaria spitzbergiana and Megousia aagardi í these species are regarded of Kungurian 
to Wordian age in Novaya Zemlya (Bogoslovskaya et al., 1982).
Permian deposits are known to be widely distributed in the Arctic Canada and many 
contain brachiopod faunas (Tschernyschew and Stepanov, 1916; Harker and Thorsteinsson, 
1960; Waterhouse and Waddington, 1982). Particularly, a few species of Spirifella including 
Spiriferella draschei and Spiriferella loveni are also found from the Assistance Formation 
(Roadian).
Alaska is made of a collage of exotic tectonic blocks, some of which are known to have 
travelled long distance from the other parts of the Arctic (Johnston, 2001). Brabb and Grant 
(1971) described some brachiopod species from the Takhandit Limestone in east central 
Alaska, and a considerable amount of species of this fauna, like Bruntonia granulifera,
Kuvelousia weyprechti, Spiriferella draschei, and Fasciculatia striatoparadoxa, are also 
reported from the basal and middle parts of the Kapp Starostin Formation.
4.3.2. Northeastern Asia
During the Permian, a relatively large area of northeastern Asia was located at the 
middle latitude of northeastern Pangea. This location is latitudinally comparable with the 
position of Permian Spitsbergen and includes southern Mongolia, Inner Mongolia, Beishan, 
and South Primorye. Wang and Zhang (2003) described the Kungurian to Capitanian 
brachiopod fauna from the Zhesi Formation of the region. Several species from the Zhesi 
Formation, including Licharewia grewingki, Paeckelmanella expansa, and Fasciculatia 
striatoparadoxa, are also very common in the middle part of the Kapp Starostin Formation. 
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However, the Zhesi brachiopod fauna seems to be much more diverse than the 
contemporaneous brachiopod fauna from Spitsbergen.
4.3.3. Gondwanan region
In spite of the vast distance between the Arctic and Gondwanan areas during the 
Permian, some spiriferoidean species from the Gondwanan region demonstrate a significant 
resemblance to Fasciculatia species from the Kapp Starostin Formation, particularly with 
regard to the large shell sizes and shell ornamentation. As mentioned by Dunbar (1955), both 
Betaneospirifer marcoui from the Capitanian rock of Salt Range and Wadispirifer ravana 
from the Wuchiapingian strata of India are considerably comparable to Fasciculatia 
striatoparadoxa, a common species in the Arctic region. In the same sense, two Gondwanan 
genera, Imperiospira and Quadrospira from the Sakmarian to Kungurian of Western 
Australia are also comparable to the Permian Arctic genera (this will be more discussed in 
Chapter 7).
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Chapter 5. Palaeoenvironmental implications
As briefly explained in Chapter 2, the northern marginal shelf of Pangea is known to 
have experienced dynamic palaeoenvironmental changes during the Late Palaeozoic. 
Particularly, a transition from warm through temperate to cold climatic conditions in this 
region through the Permian has been well recognised and interpreted as the result of 
palaeogeographic and palaeoceanographic changes. This chapter discusses how the 
palaeoenvironments in the northern marginal shelf of Pangea changed through the Permian 
and how these changes affected the brachiopod fauna from the Kapp Starostin Formation of 
Spitsbergen.
5.1. Palaeogeographic and palaeoceanographic changes in the northern marginal shelf 
of Pangea during the Permian
The palaeoenvironmental understanding of the northern marginal shelf region of 
Pangea during the Permian has been developed mainly through extensive studies on the 
Barents Shelf area (Steel and Worsley, 1984; Stemmerik, 2000; Stemmerik and Worsley, 2005; 
Worsley, 2008) and the Sverdrup Basin of Arctic Canada (Beauchamp, 1994; Beauchamp and 
Desrochers, 1997; Beauchamp and Baud, 2002; Reid et al., 2007). These studies recognised a 
variety of indicators that suggested an environmental shift in the region through the Permian. 
The shift was marked by a change in carbonate source from photozoans to heterozoans, the 
latter evidenced by the extensive biogenetic chert deposition. With this major environmental 
change, the fossil record also demonstrates a significant faunal turnover. Most of the previous 
works link the biotic and sedimentological transition to a continuous cooling trend in the 
northern marginal region of Pangea during the Permain. This cooling has been interpreted 
with two main palaeogeographic and palaeoceanographic reasons: the continuous northward 
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movement of Pangea since the Carboniferous and the major modification of oceanic 
circulations in the Early Permian (Figs. 2.4, 5.1). 
From the late Carboniferous to early Cisularian (Sakmarian) the northern marginal shelf 
of Pangea was located at a relatively low latitudinal region (less than 30° N), affected mainly 
by eastward warm surface currents from the Panthalassa Ocean (Reid et al., 2007). At this 
time, the Ural seaway was still open and connected the northern marginal shelf region of 
Pangea with the Palaeo-Tethys Sea, thus allowing warm surface currents of the Palaeo-Tethys 
Sea to enter the northern marginal shelf through the Eastern European Platform (Figs. 2.4A, 
5.1A). Consequently, deposition of photozoan carbonates and evaporates prevailed during 
this period over most areas of the northern marginal shelf of Pangea, except for some deep 
basins (Fig. 5.1A).
However, as the Ural seaway was closed off in the late Sakmarian to early Artinskian 
and Pangea continued its northward drift, the westward warm surface currents from the 
Palaeo-Tethys were no longer passed to the present-day Arctic region. As a result, photozoans 
started to decrease and were replaced by heterozoan biota. Then, from the Kungurian through 
the whole Guadalupian, most western and central parts of the northern marginal shelf of 
Pangea were predominated by cold-water climatic conditions, in contrast to the eastern part 
(including the Eastern European Platform) where warmer water conditions still prevailed (Fig. 
5.1B). Interestingly, this time interval also started with the wide distribution of biogenic 
cherts in the northern Pangea shelf, primarily formed by sponge spicules. According to 
Beauchamp and Baud (2002), the prevalence of biogenic cherts may be due to the upwelling 
of nutrient-rich deep water currents from the northern Panthalassa Ocean.
The northward drift of Pangea continued into the Lopingian. Consequently, a cold 
climatic condition ensued. This shift in climate condition is marked by widespread deposition 
of thick biogenic chert beds on the one hand and, on the other hand, also by the cessation of 
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warm-water currents from the Palaeo-Tethys Sea following the closure of the Ural seaway. 
Also during the Lopingian, the Zechstein Basin which stretched from eastern England in the 
west to northern Poland in the east, and between Greenland and Norway, developed as a 
shallow epicontinental seaway connected to the Permian Arctic Sea in the north (Fig. 5.1C).
This overall palaeoenvironmental interpretation for the northern marginal shelf of 
Pangea during the Permian is also well documented in the sedimentological and 
stratigraphical records of Svalbard (Ehrenberg et al., 2001; Hüneke et al., 2001). Blomeier et 
al. (2011) showed that the spatial distribution of Early Permian marine faunas in Svalbard and 
the Barents Sea was strongly controlled by water depth, and also seemed to reflect a cooling 
trend from deeper water environments to shallow platform settings. This interpretation is also 
in agreement with the idea that the cold water currents moved eastward from the deep 
Svedrup Basin through Svalbard, then southward to the relatively shallow Eastern European 
Platform and the Zechstein Basin (Reid et al., 2007).
5.2. Faunal and morphological responses of Permian brachiopods from the Kapp 
Starostin Formation to palaeoenvironmental changes
In general, the Permian marine fauna of the world has been divided into three different 
realms each composed of several geographical provinces: the northern Boreal Realm, the 
palaeoequatorial Tethyian Realm, and the southern Gondwanan Realm (Stehli, 1971; Shi, 
1998; Shi and Grunt, 2000). Under these three divisions, all Permian marine faunas from the 
northern margin of Pangea have been considered to belong to the Boreal Realm, representing 
temperate- to cold-water environments. The Permian Boreal Realm in the northern margin of 
Pangea was specifically subdivided into the western Alaska-Yukon Province (Bambach, 
1990), the central Franklinian Province (Ross, 1995), and the eastern Uralian Province 
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(Bogush and Yuferev, 1966). Additionally Shi (1998) also recognised the Late Permian 
marine fauna of the Zechstein Basin as a separate Zechstein Province (Fig. 5.2).
Interestingly, the Permian brachiopod fauna from the Kapp Starostin Formation in 
Spitsbergen represents a transition between the Uralian and Franklinian provinces. As 
explained in Chapter 4, this fauna consists of several brachiopod assemblages with mixed 
Uralian and Franklinian biogeographic affinities. The brachiopod assemblage from the basal 
Vøringen Member (late Artinskian to Kungurian) exhibits very strong affinity to the faunas in 
the Timan-Pechora region and Urals, whereas the younger assemblages from the middle to 
upper parts of Kapp Starostin Formation (Kungurian to early Wuchiapingian) are more 
comparable to the faunas from Greenland and Arctic Canada. 
This brachiopod faunal transition, signalling a change in biogeographic affinities 
through the Permian, may be explained by the cooling trend across the entire northern 
marginal shelf of Pangea through the Permian. As suggested by Reid et al. (2007), the cooling 
began in Sakmarian to Artinskian although it may have started a little earlier in the deeper 
western part of northern Pangea where upwelling of cold deep water masses would have 
taken place. The cold-water masses possibly became warmer as they were transferred to the 
eastern shallower parts of northern Pangea. As a result, the Eastern European Platform 
including the Ural Basin retained a warmer condition than the western and central parts of 
northern Pangea even during the Middle Permian (Fig. 5.1B). Under this scenario and 
considering that Spitsbergen was located between the Svedrup Basin and the Urals during the 
Permian (Fig. 5.1), Spitsbergen would also have been able to retain a temperate condition 
longer than in the western regions, at least along its shallow platform environments 
throughout late Artinskian to early Kungurian times. The strong faunal affinity of the 
brachiopod assemblage from the Vøringer Member of Spitsbergen to that of the Timan-
Pechora region would support the idea that these two regions were located in the same or 
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Figure 5.2. Simplified Permian marine palaeobiogeographical provinces in the northern 
margin of Pangea (base map from Reid et al., 2007).
similar latitudes and geographically close together. The change in biogeographic affinity of 
Middle to Late Permian brachiopod faunas of the Kapp Starostin Formation to the 
Franklinian Province and, to some extent, even to the Alaska-Yukon Province was in 
response to the continued northward drift of Pangea and, possibly, intensification of 
upwelling cold-water currents in the northern marginal region of Pangea.
Interestingly, the change in biogeographic affinity as demonstrated by the succession of 
the brachiopod fauna from the Kapp Starostin Formation through the Early to Middle 
Permian is also marked by some evident changes in brachiopod shell morphology, especially 
in shell size and body mass. As a general observation, the middle to upper parts of the Kapp 
Starostin Formation is mainly composed of very large and thick brachiopod shells including 
such common species as Fasciculatia striatoparadoxa. These brachiopods, almost without 
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exception, always occur in silica-rich limestone layers associated with thick chert beds. As 
already discussed, the high biogenic silica content represents the influence of nutrient-rich 
deep water upwelling currents (Beauchamp and Baud, 2002). It is therefore quite possible 
that the thick-shelled and large-sized brachiopods were able to grow their shells fast because 
of the sufficient nutrient supply from the deep water upwelling currents.
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Chapter 6. Phylogenetic relationships of spiriferoidean brachiopods 
6.1. Introduction
Spiriferids sensu lato characterised by well-developed spiralia were one of the most 
diverse and abundant brachiopods during the middle to late Palaeozoic (Carter and 
Gourvennec, 2006). A considerable number of studies have been devoted to their 
classification (e.g., Frederiks, 1924; Ivanova, 1959, 1960, 1972; Pitrat, 1965; Waterhouse, 
1968, 2004; Thomas, 1971; Carter, 1974; Cooper and Grant, 1976; Archbold and Thomas, 
1984; Carter et al., 1994; Bizzarro and Lespérance, 1999; Ma and Day, 2007; Schemm-
Gregory, 2008). Nonetheless, the taxonomic classification and phylogeny of this group is still 
under debate, and the necessity for a robust phylogenetic analysis of the spiriferids has been 
raised for a long time. For example, Carter et al. (1994) mentioned that the classification of
spiriferids should be tested through a phylogenetic analysis. However, to date the 
phylogenetic approach using cladistics has been seldom attempted, particularly at the lower 
taxonomic levels (see Anelli, 1999; Bizzarro and Lespérance, 1999).
In particular, the phylogeny of the Superfamily Spiriferoidea has been debated for 
several decades, with no consensus yet reached. As the number of taxa in this group has 
increased substantially in the last 30-40 years due to the addition to this group of many new 
species and genera, the classification of this superfamily has become increasingly 
complicated and diverse (see Ivanova, 1960; Waterhouse, 1968, 2004; Carter, 1974; Archbold 
and Thomas, 1984; Carter et al., 1994; Poletaev, 1997; Grunt, 2006). Although the 
classification by Carter et al. (1994) has been widely accepted, there are still other alternative 
schemes in favour of very different evolutionary relationships and pathways (Table 6.1). In 
part, the differences between these classifications may be explained by diverse philosophies 
and approaches favoured by different authors on a very much individualistic and hence 
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subjective basis. Therefore, a more objective approach is needed for revealing and depicting 
the phylogenetic relationships of taxa within the Spiriferoidea. 
Table 6.1. Comparison of three selected classification schemes of the Superfamily 
Spiriferoidea King, 1846. Grunt (2006) suggested a mixed classification between Carter et al. 
(1994) and Waterhouse (2004), but she did not provide detailed subfamilial compositions for 
every family.
Carter et al. (1994) and Carter (2006a) Waterhouse (2004) Grunt (2006)
Family Spiriferidae King, 1846 Family Spiriferidae King, 1846 Family Spiriferidae King, 1846
Subfamily Spiriferinae King, 1846 Subfamily Spiriferinae King, 1846 Family Neospiriferidae Waterhouse, 1968
Subfamily Prospirinae Carter, 1974 Subfamily Gypospiriferinae Waterhouse, 2004 Family Trigonotretidae Schuchert, 1893
Subfamily Sergospiriferinae Carter, 1994 Family Neospiriferidae Waterhouse, 1968 Family Choristitidae Waterhouse, 1968
Subfamily Purdonellinae Poletaev, 1986 Subfamily Imbrexiinae Carter, 1994 Family Spiriferellidae Waterhouse, 1968
Family Choristitidae Waterhouse, 1968 Subfamily Neospiriferinae Waterhouse, 1968 Family Kaninospiriferidae Kalashnikov, 1996
Subfamily Angiospiriferinae Legrand-Blain, 1985 Subfamily Kaninospiriferinae Kalashnikov, 1996 Subfamily Kaninospiriferinae Kalashnikov, 1996
Subfamily Choristitinae Waterhouse, 1968 Subfamily Fusispiriferinae Waterhouse, 2004 Subfamily Gypospiriferinae Waterhouse, 2004
Subfamily Tangshanellinae Carter, 1994 Family Trigonotretidae Schuchert, 1893
Family Imbrexiidae Carter, 1992 Subfamily Trigonotretinae Schuchert, 1893
Family Trigonotretidae Schuchert, 1893 Subfamily Sergospiriferinae Carter, 1994
Subfamily Neospiriferinae Waterhouse, 1968 Subfamily Angiospiriferinae Legrand-Blain, 1985
Subfamily Trigonotretinae Schuchert, 1893 Subfamily Costuloplicinae Waterhouse, 2004
Family Spiriferellidae Waterhouse, 1968 Family Choristitidae Waterhouse, 1968
Subfamily Choristitinae Waterhouse, 1968
Subfamily Prospirinae Carter, 1974
Subfamily Purdonellinae Poletaev, 1986
Family Spiriferellidae Waterhouse, 1968
Subfamily Spiriferellinae Waterhouse, 1968
Subfamily Hunzininae Angiolini, 2001
Subfamily Elivininae Waterhouse, 2004
With only one exception by Anelli (1999, unpublished PhD thesis), there have been no 
previous attempts to analyse the phylogeny of spiriferoidean brachiopods using a cladistic 
approach. Anelli’s analysis was performed with 36 morphological characters for 47 species. 
Her result showed that the classification of the group by Carter et al. (1994) was in fact 
comprised of poly- or para-phyletic groupings. This means that the classification by Carter et 
al. would conceal the genuine phylogeny and evolutionary relationships of taxa within the 
group. However, Anelli’s analysis and the result must be read with caution because 1) the 
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analysis did not consider intraspecific variation as she only chose one specimen for each 
species; 2) improper discretisation was used for the characterisation of continuous 
(quantitative) measurement values; and 3) some of the chosen characters were dependent on 
each other (i.e., auto-correlated).
This study performs a preliminary parsimonious analysis to investigate the overall 
phylogeny of spiriferoidean brachiopods, with a view to testing the phylogenetic relationship 
among neospiriferin genera as proposed by Carter et al. (1994) and Waterhouse (2004). As 
this study was designed as a preliminary study to test the feasibility of a cladistic approach to 
the classification of spiriferoidean brachiopods, only a limited number of taxa from the 
superfamily were included. However, the preliminary results are encouraging and reveal 
significant deviations from the classifications currently available in the literature. In addition, 
this study also demonstrates how continuous characters can be phylogenetically informative 
through proper discretisation.
6.2. Material and methods
6.2.1. Taxa selection
Twenty three taxa were chosen as operational taxonomic units (OTUs) for cladistic 
analysis including an outgroup taxon. Most OTUs were selected at the genus level, and each 
OTU comprised multiple specimens so chosen in order to include the OTU’s range of 
morphological variations. One or two genera were selected from each subfamily of the 
Spiriferoidea in Carter et al. (1994), except the Neospiriferinae, for representing the 
classification. Although there are 20 valid genera in the Neospiriferinae according to the 
revised treatise (Carter, 2006a; Gourvennec and Carter, 2007), only ten of these were 
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included in this analysis, together with Fasciculatia Waterhouse, 2004 as herein revised (see 
p. 222). Other neospiriferin genera were excluded from this analysis because they do not 
provide sufficient information required for the quantification (coding) of all the chosen 
characters.
Outgroup taxon.
1. Brachythyris0¶&R\ʊBrachythyris is chosen as an outgroup taxon. It is a 
representative genus of the Superfamily Brachythyridoidea Frederiks, 1924. For a long time, 
the brachythyrid had been considered one of the spiriferids (Ivanova, 1960; Waterhouse,
1968). However, the former had been considered completely distinct and separate from the 
spiriferids by Carter (1974), a view that has been accepted by almost all subsequent 
brachiopod workers.
According to Carter et al. (1994), the Brachythyridoidea was derived independently 
from the Theodossioidea with two other Late Palaeozoic superfamilies, the Spiriferoidea and 
the Paeckelmanelloidea. Therefore, it has been treated as a sister group of the Spiriferoidea. 
Waterhouse (2004) also agrees with this classification, but he transferred several genera 
assigned to the Spiriferoidea in Carter et al. (1994) to the Brachythyridoidea on account of 
their ovate outline and absence of dental structures.
The character states of Brachythyris were determined from the lectotype of the type 
species of this genus figured in Carter (2006b), as well as Australian species assigned to the 
genus by Roberts (1971). The age range of Brachythris is Famennian to Mississippian.
Spiriferidae taxa.
2. Spirifer (Spirifer) J. Sowerby, 1816 in 1815-ʊSpirifer (Spirifer) is chosen as 
a typical taxon of the subfamily Spiriferinae King, 1846. Numerous genera have been 
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designated from species that had originally been named under the genus Spirifer. According 
to Carter (2006a), there are three subgenera in the genus: Spirifer (Spirifer), Spirifer 
(Grandispirifer), and Spirifer (Mesochorispira). Here we only included Spirifer (Spirifer) in 
this study because 1) the main purpose of this study was to define the relationships between 
some neospiriferin brachiopods, and also 2) S. (Spirifer) (S. striatus sensu stricto) has been 
thought to be a direct ancestor of Neospirifer by several authors (Frederiks, 1924; Archbold 
and Thomas, 1984) (although Imbrexia Nalivkin, 1937 and Lutungia Poletaev, 1997 may also 
prove to be very closely related to Neospirifer).
Carter et al. (1994) grouped the spiriferins with the sergospiriferins and purdonellins as 
well as the prospirins within the Family Spiriferidae, whereas Waterhouse (2004) put the 
spiriferins together with the gypospiriferins, which additionally also include some 
neospiriferin genera according to Carter et al. (1994).
The character states for Spirifer (Spirifer) were investigated mainly based on the 
redescription of S. (S.) striatus by Thomas (1971) and Archbold and Thomas (1984). The age 
range of Spirifer (Spirifer) is Tournaisian to Bashkirian.
3. Latispirifer$UFKEROGDQG7KRPDVʊLatispirifer is also a spiriferin genus in 
Carter et al. (1994), but its taxonomic position has been questioned. Archbold and Thomas 
(1985) assigned the genus to the Spiriferinae, but they also mentioned the possibility that it 
might represent a neospiriferid which had lost the fasciculation. Waterhouse (2004) regarded 
Latispirifer as a neospiriferid genus within the Subfamily Fusispiriferinae erected by himself, 
based on the closeness in outline to Fusispirifer Waterhouse, 1966. 
The character states for Latispirifer were obtained from the diagnosis and description 
by Archbold and Thomas (1985). The age range of Latispirifer is Sakmarian to 
Wuchiapingian.
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4. Prospira 0D[ZHOOʊProspira is the name-bearer for the Subfamily 
Prospirinae Carter, 1974, which is one of the oldest groups in the Spiriferoidea. Thomas 
(1971) emphasized the close-relationship between Spirifer and Unispirifer Campbell, 1957 
which is also similar to Prospira, and he also suggested that Unispirifer might be a direct 
ancestor of Spirifer. Thomas’s interpretation has been referred to in subsequent taxonomic 
works (Carter, 1974, 2006a; Carter et al., 1994) in which the prospirins were included within 
the Spiriferidae. Contrarily, Waterhouse (2004) placed the Prospirinae within the Family 
Choristitidae Waterhouse, 1968, arguing that the outline of prospirin brachiopods is more 
similar to that of the Choristitidae than it is to that of Spiriferidae in adult stage, but 
Unispirifer was excluded from the Prospirinae. 
The character states of Prospira were determined from Maxwell (1954, 1961) and 
Thomas (1971). The age range of Prospira is restricted within Tournaisian.
5. Anthracospirifer /DQHʊAnthracospirifer is an abundant and cosmopolitan 
genus of the Subfamily Sergospiriferinae Carter in Carter et al., 1994. The genus is selected 
instead of Sergospirifer Ivanova, 1952, because the former is more commonly reported. 
Carter et al. (1994) assigned the Sergospiriferinae to the Spriferidae, contrary to Waterhouse
(2004) who instead placed this subfamily in the Trigonotretidae. Additionally, Waterhouse 
(2004) also pointed out the closeness of Sergospiriferinae to the Superfamily 
Paeckelmannelloidea, in terms of the development of plication. 
The character states of Anthracosprifer were coded from Dunbar and Condra (1932),
Lane (1963), and McGugan and May (1965). The age range of Anthracospirifer is Visean to
Moscovian.
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6. Purdonella 5HHGʊPurdonella is a genus representing the Subfamily 
Purdonellinae Poletaev, 1986. Although Purdonella was erected by Reed (1944), all species 
of the genus proposed by Reed (1944) are very different from the type species. 
Carter et al. (1994) attributed the Purdonellinae to the Spriferidae following the 
phylogenetic interpretation of Poletaev (1986) in that the Purdonellinae was regarded as 
having derived from the Spiriferinae by neotenous retention. On the other hand, Waterhouse 
(2004) put the subfamily in the Choristitidae emphasing the similarities between the 
Purdonellinae and the Choristitinae in outline, shell ornamentation, and development of 
adminicula. 
The character states of Purdonella were identified from Tschernyschew (1902) and 
Poletaev (1984, 1986, 2006). The age range of Purdonella is Moscovian to Cisuralian.
Choristitidae taxa.
7. Angiospirifer Legrand-%ODLQʊAngiospirifer is the name-bearing genus of 
the Subfamily Angiospiriferinae Legrand-Blain, 1985. Waterhouse (2004) agreed with Carter 
et al. (1994) on the phylogenetic explanation that the Angiospiriferinae was descendent from 
the Sergospiriferinae. However, Carter et al. (1994) followed the opinion of Legrand-Blain 
(1985) that the Angiospiriferinae might be the ancestor of choristitids, whereas Waterhouse 
(2004) regarded the Angiospiriferiinae as the ancestor of trigonotretids which exclude the 
Neospiriferinae. As a result, Carter et al. (1994) put the Angiospiriferinae in the Choristitidae, 
in contrast to Waterhouse (2004) who placed the Angiospiriferinae in the Trigonotretidae 
together with the Sergospiriferinae. Whilst Carter et al. (1994) emphasized the reticulated 
vascular markings shared with the other choristitids, Waterhouse (2004) focused on the 
coarse costation and the existence of thick umbonal callosity which is also well developed in 
the Trigonotretidae. 
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The character states of Angiospirifer were coded following Dunlop (1962) and
Legrand-Blain (1985). The age range of Angiospirifer is Visean to Bashkirian.
8. Choristites )LVFKHUGH:DOGKHLPʊChoristites is the name-bearer for the 
Subfamily Choristitinae Waterhouse, 1968. Carter et al. (1994) grouped the Choristitinae 
together with the Angiospiriferinae and the Tangshanellinae into the Choristitidae, whereas 
Waterhouse (2004) thought that Choristitinae is more closely related to the Prospirinae and 
the Purdonellinae, both of which were placed in the Spiriferidae by Carter et al. (1994).
There are abundant species in Choristites, and therefore, the morphological variation of 
the genus is much wider than any other spiriferid genera. Here for coding purpose we have 
only chosen the characters that commonly occur in most Choristites species. Poletaev (2002)
suggested two subgenera within the genus, but the distinction is not accepted here in 
consideration of the wide range and continuum of morphological variations already known
from Choristites.
The character states of Choristites were based on the descriptions by Rotai (1951),
Sarytcheva and Sokolskaya (1952), and Poletaev (2002). The age range of Choristites 
is ?Mississippian to ?Cisuralian.
9. Tangshanella &KDRʊTangshanella is a representative genus of the 
Subfamily Tangshanellinae Carter in Carter et al., 1994. This subfamily was located in the 
Choristitidae because of the external similarity between Tangshanella and Choristites.
However, Waterhouse (2004) re-assigned the subfamily to the Superfamily Brachthyridoidea 
emphasising the absence of ventral adminicula. 
The character states of Tangshanella were identified only from T. kaipingensis Chao, 
1929. Roberts (1971) reported another species of Tangshanella from Australia, but the 
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generic identify of this species is questionable because it contains several different 
morphological characters from the type species. Therefore, the species of Roberts (1971) is 
not considered here. The age range of Tangshanella is Pennsylvanian.
Imbrexiidae taxon.
10. Imbrexia 1DOLYNLQʊImbrexia is chosen for representing the Family 
Imbrexiidae Carter, 1992. The genus was originally proposed as a subgenus of Spirifer, but it 
was later established as a distinct genus in the subfamily Spiriferinae by Carter (1974). Later,
Carter (1992) even elevated Imbrexia to an independent family, the Imbrexiidae, within the 
Spiriferoidea, and further suggested that it was a direct ancestor of the Neospiriferinae and 
that it was derived from the Prospirinae. However, Waterhouse (2004) disputed Carter’s
interpretation and, instead, regarded the ‘Imbrexiidae’ as a subfamily of the Family 
Neospiriferidae. 
The character states of Imbrexia were determined mainly from Carter (1974). The age 
range of Imbrexia is Tournaisian to Visean.
Neospiriferinae taxa.
11. Neospirifer )UHGHULNVʊNeospirifer is the name-bearer of the Subfamily 
Neospiriferinae Waterhouse, 1968. Many species have been reported from around the world 
under this genus name. However, the phylogenetic relationships of these species as well as 
the diagnosis of the genus await further analysis and refinement. The limited understanding 
of the genus is caused by the poorly preserved type specimens. Here we accept the diagnosis 
for the genus by Poletaev (1997).
Carter et al. (1994) put the Neospiriferinae in the Trigonotretidae, whereas Waterhouse 
(2004) and Grunt (2006) completely separated these two groups as two mutually distinct 
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families. In particular, Waterhouse (2004) referred several subfamilies to the Neospiriferidae 
including the Imbrexiinae, the Kaninospiriferinae and the Fusispiriferinae. He also 
differentiated the Gypospiriferinae from the Neospiriferidae, placing the subfamily in the 
Spiriferidae. 
The character states of Neospirifer were taken from Licharew (1934) and Poletaev
(1997). The age range of Neospirifer is generally limited within Cisuralian.
12. Cartorhium &RRSHUDQG*UDQWʊCartorhium is a genus of the 
Neospiriferinae in Carter et al. (1994), but Waterhouse (2004) referred the genus to the 
Gypospiriferinae and also suggested a possible relationship to the Kaninospiriferinae. 
The character states of Cartorhium were determined mainly from Cooper and Grant 
(1976). However, three species reported in Cooper and Grant (1976), C. mexicanum, C. 
vidriense, and C. zoyei, were excluded from the consideration due to their inconsistency with 
other Cartorhium species. The measurements given in Cooper and Grant (1976) were also 
included here, but the data from juvenile specimens were excluded. The age range of 
Cartorhium is Cisuralian to Guadalupian.
13. Crassispirifer $UFKEROGDQG7KRPDVʊCrassispirifer is a genus of the 
Neospiriferinae in Carter et al. (1994). Archbold and Thomas (1985) thought that the genus is 
closest to Fusispirifer, and Waterhouse put Crassispirifer into the Fusispiriferinae. 
The character states of Crassispirifer were identified mainly through Archbold and 
Thomas (1985). The age range of Crassispirifer is Artinskian to Roadian.
14. Fusispirifer :DWHUKRXVHʊFusispirifer is a relatively cosmopolitan genus of 
the Neospiriferinae in Carter et al. (1994). Waterhouse (2004) proposed the Subfamily 
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Fusispiriferinae within the Neospiriferidae and put several other neospiriferin genera in 
Carter et al. (1994) into the subfamily. He also considered that Frechella Legrand-Blain, 
1986 from the imbrexiid stock might be an ancestor of this group. 
The character states of Fusispirifer were coded mainly following Archbold and Thomas 
(1987). However, Fusispirifer avicula (Morris) in Archbold and Thomas (1987) was excluded 
in view of its coarse costae presenting an inconsistency with the genus. The age range of 
Fusispirifer is Asselian to Lopingian.
15. Gypospirifer &RRSHUDQG*UDQWʊGypospirifer is also a genus of the 
Neospiriferinae in Carter et al. (1994). On the other hand, Waterhouse (2004) proposed the 
Subfamily Gypospiriferinae located within the Spiriferidae with some other neospiriferin 
genera in Carter et al. (1994). Later, Grunt (2006) moved the Gypospiriferinae into the 
Kaninospiriferidae. 
The character states of Gypospirifer were coded mainly from Cooper and Grant (1976).
The measurements provided by Cooper and Grant (1976) were also used, with the exception 
of juvenile specimens which were excluded. The age range of Gypospirifer is Bashkirian to
Cisuralian.
16. Imperiospira $UFKEROGDQG7KRPDVʊImperiospira is an Austalian genus of 
the Neospiriferinae in Carter et al. (1994). Kalashnikov (1996) erected the Subfamily 
Kaninospiriferinae based on the genus Kaninospirifer and included Imperiospira into the 
subfamily in recognition of its subdued ventral adminicula. The classification was also 
followed by several subsequent works (Kalashnikov 1998; Waterhouse 2004; Grunt 2006). 
The character states of Imperiospira were taken mainly from Archbold and Thomas
(1993). The age range of Imperiospira is Sakmarian to Roadian.
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17. Kaninospirifer Kulikov and Stepanov in Stepanov, Kulikov, and Sultanaev, 1975. 
ʊKaninospirifer is a genus of the Neospiriferinae in Carter et al. (1994). Kalashnikov (1996)
on the other hand proposed the Subfamily Kaninospiriferinae to accommodate this genus in 
recognition of its significant difference at the subfamily level from the Neospiriferinae. Grunt 
(2006) elevated the Kaninospiriferinae to family level in which she also included the 
Gypospiriferinae.
The character states of Kaninospirifer were taken from Licharew (1943), Kalashnikov 
(1996, 1998), and Grunt (2006). Kaninospirifer borealis and K. stepanovi are poorly 
preserved and do not provide enough morphological characters; therefore, most character 
states of the genus were coded only from the type species, K. kaninensis. The age range of 
Kaninospirifer is confined to Roadian.
18. Lepidospirifer Cooper DQG*UDQWʊLepidospirifer is a genus of the 
Neospiriferinae in Carter et al. (1994), but Waterhouse (2004) placed the genus in the 
Gypospiriferinae, because of the subdued fasciculation which is common in the Spiriferinae. 
The character states of Lepidospirifer were coded following Cooper and Grant (1976).
The measurements of Cooper and Grant (1976) were also included here, but the data from 
juvenile specimens were excluded. The age range of Lepidospirifer is restricted within 
Wordian.
19. Quadrospira $UFKEROGʊQuadrospirifa was originally proposed as a 
subgenus of Neospirifer by Archbold (1997), and it was later regarded as an independent 
genus by Waterhouse (2004) and Gourvennec and Carter (2007). Waterhouse (2004)
considered this genus to be a member of the Kaninospiriferinae, whereas Gourvennec and 
116 
Carter (2007) left it within the Neospiriferinae. 
The character states of Quadrospira were based on descriptions in Archbold and 
Thomas (1986) and Archbold (1997). The age range of Quadrospira is confined to Cisuralian.
20. Fasciculatia :DWHUKRXVHʊFasciculatia was proposed by Waterhouse 
(2004), as a genus in the Gypospiriferinae. Gourvennec and Carter (2007) synonymised it 
with Kaninospirifer. However, after a careful examination of the material included in 
Fasciculatia by Waterhouse as well as new material presented here from Spitsbergen and 
Arctic Canada, we regard Fasciculatia as a valid genus being distinct from Kaninospirifer.
Later in this thesis we have revised Fasciculatia (see p. 222), and based on this revised 
diagnosis we refer the genus to the Neospiriferinae.
The character states of Fasciculatia were determined mainly from our collections from 
Spitsbergen and Arctic Canada, along with information from Dunbar (1955, 1962), Harker 
and Thorsteinsson (1960), Gobbett (1963), and Waterhouse (2004). The age range of 
Fasciculatia is Artinskian to Wuchiapingian.
Trigonotretinae taxa.
21. Trigonotreta .|QLJʊTrigonotreta is the name-bearing genus of the 
Subfamily Trigonotretinae. Carter et al. (1994) erected the Family Trigonotretidae is 
composed of the Trigonotretinae and the Neospiriferinae. On the other hand, Waterhouse 
(2004) removed the Neospiriferinae from the family and put them in another independent 
family on the basis of their supposedly-different origins. Further, Waterhouse (2004)
speculated that the trigonotretins might have originated from the Angiospiriferinae. Clarke 
(1979) synonymised Grantonia with Trigonotreta, a view also adopted by Carter (2006a), but 
rejected by Waterhouse (2004) who maintained that the two were distinct genera. Here we 
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follow the opinion of Clarke (1979). Some Neospirifer species in Cooper and Grant (1976)
are similar to Trigonotreta in the delthyrial structure bearing a thickened delthyrial apical 
callus, but they were not included here due to the uncertainty of their origins and 
classifications. 
The character states of Trigonotreta were taken from Clarke (1979, 1990), Archbold 
and Thomas (1986), and Waterhouse (2004). The age range of Trigonotreta is restricted 
within Cisuralian.
22. Aperispirifer:DWHUKRXVHʊAperispirifer is also a genus of the 
Trigonotretinae from New Zealand and Australia. Although Aperispirifer has finer and more 
numerous costae than Trigonotreta, the generic identification with the Trigonotretinae has 
been agreed by most researchers. Waterhouse (2004) proposed several tribes in the 
Trigonotretinae and put Aperispirifer in the Tribe Grantonini together with Grantonia,
Koenigoria, and Trigorhium.
The character states of Aperispirifer were taken mainly from Waterhouse (1964, 1968). 
The age range of Aperispirifer is Artinskian to Lopingian.
Spiriferellidae taxon.
23. Spiriferella 7VFKHUQ\VFKHZʊSpiriferella is the name-bearer of the 
Spiriferidae. The establishment of the family has been agreed by most researchers, but the 
systematic position of spiriferellids is still questionable due to its unique morphology, such as 
short hinge line, relatively high interarea, and the presence of pustules on the shell surface. 
The family is located within the Spiriferoidea both by Carter et al. (1994) and Waterhouse 
(2004). In spite of the agreement, Carter et al. (1994) considered that an yet unidentified
trigonotretin might be an ancestor of spiriferellids, whereas Waterhouse (2004) argued that 
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there are close relationships of the Spiriferellidae with the Licharewiinae or with the 
Choristitidae. 
The character states of Spiriferella were based from Tschernyschew (1902), Cooper and 
Grant (1976), and Waterhouse and Waddington (1982). The age range of Spiriferella is
Bashkirian to Capitanian.
6.2.2. Characters and character states
Totally 24 morphological characters were chosen, comprised of 17 discrete characters 
describing shell form, interior structure, shell ornamentation, and muscle area, with seven 
continuous characters. Several characters here were already used in Anelli (1999). The 
measurements of multiple specimens for each taxon are utilised as continuous characters in 
this analysis, which is different from Anelli (1999). The characters and character states used 
here are described below.
Shell form.
1. Location of maximum width in valve: 0 = maximum width at mid-valve to anterior to 
mid-valve having relatively short hinge line; 1 = maximum width at hinge line or slightly 
anterior to hinge line. Location of the maximum width in a valve can be distinguished largely 
into two states. State 1 might be divided into two substates, one with maximum width at 
hinge line and the other with slightly shorter hinge line. However, in many genera these two 
substates occur together and are often dependent on the character states of cardinal 
extremities (Character 2).
2. Cardinal extremities in juvenile shell: 0 = mostly rounded; 1 = acute to alate. In most 
taxa the form of cardinal extremities is variable, and they also change through their ontogeny. 
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However, juvenile valves usually present relatively stable cardinal extremities in each genus.
3. Crest of fold: 0 = rounded; 1 = angular. All spiriferoidean brachiopods have a
distinctly developed fold on the dorsal valve. The height and width of the fold are somewhat 
variable even in the same species, but the shape of the fold crest is relatively stable in each 
genus.
4. External delthyrial covering (deltidium or stegidial plates): 0 = present; 1 = absent. 
The delthyrium of brachiopods typically has a triangular form, and it commonly serves as 
pedicle opening. The external covering of the delthyrium is somewhat variably developed, 
but its presence indicates a common ancestry in the Spiriferoidea. In some genera, their 
delthyrium is partly or completely occluded by delthyrial plate or delthyrial callus. These 
structures which develop internally at the apical area of the delthyrium are fundamentally 
different from the external delthyrial covering, such as the deltidium and stegidial plates, 
although they might all have the same function. Therefore, the state 0 excludes the existence 
of a delthyrial plate or delthyrial callus. These two internal structures are further considered 
in Character 6 and 10, respectively.
Interior of ventral valve.
5. Denticles along hinge line: 0 = poorly developed; 1 = well developed. Denticles are 
numerous small nodes developed along the hinge line on a ventral valve, and they are 
articulated with small sockets on dorsal valve. They have been understood to functionally 
support articulation of valves. Carter et al. (1994) suggested that the Spiriferoidea has a well-
developed denticulate hinge line and it is a synapomorphic character. A sister group, the 
Paeckelmanelloidea, also has well developed denticles along the hinge line, whereas another 
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group, the Brachythyridoidea has weakly developed ones. Within the Spiriferoidea, the 
Family Spiriferellidae has poorly developed denticulation, particularly in narrow-hinged 
genera.
6. Development of true delthyrial plate: 0 = apparently absent; 1 = weakly developed; 2 
= distinctly developed. The delthyrial plate is a plate within the delthyrial chamber, extending 
from the apex of the delthyrium between the dental plates, and it partly blocks the delthyrium. 
In some cases a structure similar to a delthyrial plate can be observed due to the excessive 
formation of apical callus by shell thickening, for example, in Imperiospira franzjosefi.
However, this pseudo-delthyrial plate is not treated as a true delthyrial plate here.
7. Development of ventral adminicula in adult shell: 0 = absent or very rudimentary; 1 
= moderately developed; 2 = very elongated on the ventral floor. The ventral adminiculum is 
the bottom part of the dental plate that supports teeth, and normally extends anteriorly on the 
ventral floor. Some genera exhibit more than one state through their growth stage, but here 
we only consider the adult stage. Sometimes the ventral adminicula are buried totally or 
partly by strong secondary shell thickening. These cases are distinguished from a genuine 
absence.
8. Interval (distance) between ventral adminicula; 0 = moderately spaced; 1 = narrow 
and forming close set. Apart from development of ventral adminicula (Character 7), the 
interval between them on the ventral floor is very narrow in a few genera. Particularly, the 
Family Choristitidae has been defined with the existence of a close set of ventral adminicula 
in Carter et al. (1994).
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9. Ventral apical callus: 0 = absent or very weakly developed; 1 = thickening the 
umbonal region and sometimes burying ventral adminicula. The development of apical callus 
has been also considered to be an important character to classify the spiriferoidean taxa, 
especially at genus level. The development generally results from the secondary shell 
thickening.
10. Bulbous delthyrial apical callus occluding delthyrium: 0 = absent; 1 = present. The 
presence of a bulbous delthyrial apical callus has been known as a peculiar character of the 
Subfamily Trigonotretinae. It would functionally partly block the delthyrium, as a delthyrial 
covering or delthyrial plate does in other genera.
Shell ornamentation.
11. Development of main radial ribs: 0 = relatively coarse costae (or plicae); 1 = fine 
uniform costae; 2 = unequal ribs mixed with coarse and fine costae. All genera in this 
analysis possess radial ribs on the external shell but they vary in size. There are various terms 
to describe radial shell ornamentation, including plica, costa, costella, and capilla. These 
terms have been differently used even for the same radial rib by different authors. Instead of 
their discrimination, here we just categorised the main radial ribs of all taxa into three states 
based on the relative size (thickness). Much finer radial ribs additionally observed as micro-
ornamentation are classified into capillae, and they are considered independently in Character 
14.
12. Branching of main radial ribs: 0 = absent or rarely branched; 1 = commonly 
bifurcate or trifurcate. Many researchers reported the patterns of bifurcation or trifurcation in 
several spiriferoidean taxa. They are sufficiently variable, and it is difficult to simply classify 
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them into a few character states. Instead, in this study, we only recognise two different states, 
that is, whether or not bifurcations commonly occur on the shell surface of each genus.
13. Development of fascicles: 0 = absent in all growth stages; 1 = only developed on
posterior part or only present in juvenile stage; 2 = distinctly developed on whole shell. 
Fascicles are the bundles composed of several radial ribs (normally costae) on the external 
shell, leading to the formation of plications on shell surface. Fascicles were originally 
described in this brachiopod group, when the type species of Neospirifer was suggested. And 
the distinct fasciculation has been considered a peculiar character of neospiriferin 
brachiopods. Waterhouse (2004) used ‘subfascicles’ for the weakly developed fascicles 
composed of a few costae. However, his discrimination is somewhat ambiguous, and can be 
complicated by some intraspecific variations in the development of fascicles as often 
observed. Here we classify the development of fasciculation into three states, accommodating
the development of fasciculation of each genus through all its ontogenic stages. For example, 
Latispirifer only possesses fascicles in the juvenile stage, in which case its state is coded as 
State 1.
14. Development of Capillae: 0 = absent; 1 = present. A capilla is a very fine radial rib,
and a form of micro-ornamentation. Although the discrimination between capilla and costa 
does not follow any quantitative definition, it is considered that most genera contained in this 
analysis have capillae with costae or plicae. The absence of capillae was confirmed in 
Gypospirifer, although it has not been confirmed in a few other genera.
15. Development of growth lamellae: 0 = irregularly distributed distinct lamellae; 1 = 
regularly and tightly distributed distinct lamellae; 2 = fine lamellae on whole shell or distinct 
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lamellae only on anterior margin. A growth lamella is a concentric outgrowth of shell 
deposited by a retractile mantle margin. The external shells of genera considered here are all 
lamellose, but they can be distinguished into three different types by the distribution of 
distinct lamellae on the shell.
Muscle area and mantle canal markings.
16. Vascular markings on ventral valve: 0 = absent or faint; 1 = simple (radial) form; 2 
= reticulate form. Vascular markings are the impressions of mantle canals on the interior of a
valve. Vascular markings are observed around the muscle area in the ventral interior when 
they are well developed. In particular, the choristitids present distinct reticulated vascular 
markings.
17. Small pits around muscle area on ventral valve: 0 = absent; 1 = present. In some 
taxa numerous small pits are also observed with vascular markings. The function is not well 
studied yet, but the existence can be easily recognised.
Continuous characters. – In addition to the discrete characters, seven additional characters 
with quantitative values were identified. They were acquired mostly from the outer shell (Fig. 
6.1), but one of them was from the ventral interarea. Except Character 24, all continuous 
characters were measured as a range of ratios (length:length or angle:angle). All measured 
values were transformed by log(x+1) for standardization because variances are not equal, as 
recommended by Kitching et al. (1998). The original measurements for these characters are 
given in Appendix 1.
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Figure 6.1. Measurements on spiriferoidean brachiopod shell for continuous characters. A-D,
ventral, lateral, anterior, and dorsal views of brachiopod shell. Wv, maximum width; Lv,
maximum length; Tv, ventral thickness at umbo; Td, dorsal thickness at umbo; Af, angle of 
anterior commisure; Au, angle of fold; Hi, Height of interarea.
18. Outline of valves. This is measured by the ratio of width to length of ventral valve 
(Fig. 6.1A, Wv/Lv). Spiriferide brachiopods present various outlines, even within a genus 
and species. In particular, the variable development of sulcus and fold can form diverse forms 
of outline. However, the ratio of width to length of a valve has a relatively limited range in 
each genus.
19. Lateral profile of valves. This is estimated by the ratio of the thickness of the 
ventral valve to that of the dorsal valve at the umbonal region (Fig. 6.1B, Tv/Td). The 
majority of spiriferide brachiopods have an irregular commissure line that does not lie on a 
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single plane; therefore, it is difficult to measure the exact thickness of each valve. In addition, 
some taxa with a well-developed sulcus and fold can provide the values of thickness which 
do not reflect their real convexity. For avoiding these problems, we measured the thickness at 
the umbonal region of both valves, instead of consideration of the whole shell. 
20. Development of sulcus and fold. This is measured by dividing internal angle at the 
anterior tip of fold on dorsal valve by 180° (Fig. 6.1C, Af/180). The angle (Af) decreases as 
sulcus and fold develop more strongly, and when they are not developed at all at the anterior, 
this value is 1.
21. Width of sulcus and fold. This is measured by dividing the internal angle at the beak 
along lines distinguishing the fold from the lateral flanks on the dorsal valve by 180° (Fig. 
6.1D, Au/180). The absolute value of the width of sulcus and fold does not provide any 
meaningful value for comparison between taxa, and the ratio of the width of a whole valve to 
that of a sulcus and fold can be also exaggerated by alate wings in very transverse genera. 
This value can represent the relative width of a sulcus and fold regardless of valve size and 
shape.
22. Relative height of ventral interarea. This is measured by the ratio of the height of 
the ventral interarea to the length of the ventral valve (Fig. 6.1D, Hi/Lv). The height of the 
interarea is defined by the maximum length of a longitudinal axis in an interarea. For 
measuring the relative height of an interarea, the height value is divided by ventral length. 
The height of ventral interarea measured on a dorsal view is different from the real height of 
the interarea, because the interarea is not on the same plate. In most cases, the real height will 
be greater than the measured one. For consistency, we only used the measured values on a
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dorsal view.
23. Relative size of muscle scars on interior of ventral valve. This is measured by the 
ratio of length of muscle scars to that of ventral valve (Lm/Lv). Some literature does not 
provide any figure showing the muscle scars on the ventral interior. In the cases, we obtained
the values only based on the description provided by the authors.
24. Maximum size of valves. This is measured by multiplication of the width and length 
of the ventral valve in the largest specimen of the taxa [Fig. 6.1A, (Wv × Lv) cm2]. This 
value approximates the area of ventral valve in ventral view. In many other works, the 
maximum dimension of a valve (mostly width of valve) has been normally used as a 
representative of the size of brachiopod. However, one dimension cannot accurately represent 
the size of the whole valve, particularly when the growth of the shell is non-isometric.
Therefore, we use the area of the valve instead of the valve width as an estimate of valve size.
Because we consider the maximum size of each genus for the character, the character state 
does not present a range, instead it is indicated by a single value, which is different from 
other continuous characters.
6.2.3. Data matrix and analytical methods
Three separate character-taxon matrices were prepared for cladistic analysis (Table 6.2). 
Without any change of operational taxonomic units, these three datasets are different in the 
character composition. The first dataset only includes the discrete characters (i.e., Characters 
1-17), and the second one contains six continuous characters denoting ratio values together 
with the discrete characters (i.e., Characters 1-23). The third matrix includes all discrete and 
continuous characters (i.e., Characters 1-24). In all analyses the discrete characters were 
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1 1 1 1 1 1 1 1 1 1 2 2 2 2 2
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4
Brachythyris 0 0 0 0 0 0 0 0 ? 0 0 0 0 0/1 0 0 0 0.290-0.355 0.359-0.372 0.201-0.236 0.061-0.067 0.043-0.044 ? 1.033
Spirifer 1 1 0 0 1 1 1 0 1 0 1 1 1 1 2 1 1 0.419-0.443 0.363-0.392 0.186-0.222 0.067-0.077 0.042-0.068 0.139 1.894
Latispirifer 1 1 1 0 1 2 1 0 1 0 1 1 1 1 2 1 1 0.472-0.628 0.301-0.340 0.114-0.128 0.057-0.065 0.094-0.113 0.165-0.172 1.880
Prospira 1 1 0 1 1 1 1 0 1 0 1 0 0 1 2 0 0 0.362-0.515 0.307-0.393 0.204-0.271 0.046-0.063 0.058-0.121 0.105-0.161 1.001
Anthracospirifer 1 0 0 1 1 1 1 0 1 0 0 0 0 1 2 0 0 0.319-0.440 0.338-0.342 0.215-0.222 0.050-0.071 0.062-0.102 0.234-0.255 1.119
Purdonella 0 0 0 1 1 2 1 0 0 0 1 1 0 ? 0 0 1 0.268-0.352 0.310-0.531 0.173-0.240 0.041-0.063 0.039-0.065 ? 1.607
Angiospirifer 1 0 0 0 1 1 0 1 1 0 0 0 0 1 2 2 1 0.324-0.474 0.307-0.424 0.176-0.181 0.054-0.079 0.041-0.063 0.125-0.194 1.004
Choristites 0 0 0 1 1 0 2 1 1 0 1 1 0 1 0 2 1 0.252-0.352 0.340-0.463 0.163-0.253 0.058-0.077 0.040-0.067 0.112-0.125 1.863
Tangshanella 0 0 0 ? 1 0 0 0 ? 0 1 1 0 1 0 ? ? 0.322-0.341 0.352 0.166-0.171 0.069-0.073 0.069-0.073 ? 1.037
Imbrexia 1 1 1 0 1 2 1 0 0 0 1 1 0 1 1 1 1 0.406-0.407 0.296 0.121 0.063-0.073 0.043-0.044 0.143 1.484
Neospirifer 1 0 1 1 1 1 1 0 0 0 1 1 2 1 2 ? ? 0.377-0.432 0.288-0.297 ? 0.061-0.071 0.043 0.158 1.536
Cartorhium 1 0 0/1 1 1 0 1 0 1 0 1 1 1 1 2 1 1 0.341-0.436 0.306-0.377 0.143-0.217 0.058-0.087 0.053-0.100 0.120-0.140 1.517
Crassispirifer 1 1 0 0 1 2 1 0 1 0 1 1 1 1 1 1 1 0.401-0.551 0.313-0.359 0.160-0.199 0.054-0.061 0.043-0.076 0.222-0.231 1.982
Fusispirifer 1 1 0 0 1 2 1 0 1 0 1 1 1 1 1 1 1 0.491-0.680 0.344-0.387 0.163-0.253 0.058-0.087 0.066-0.115 0.157-0.211 2.028
Gypospirifer 1 1 0 0 1 0 1 0 1 0 1 1 1 0 0 1 1 0.388-0.481 0.332-0.383 0.156-0.187 0.067-0.079 0.053-0.087 0.097-0.125 1.944
Imperiospira 1 0 1 0 1 0 0 0 1 0 1 1 1 1 0 1 1 0.292-0.388 0.222-0.269 0.110-0.155 0.063-0.087 0.021-0.044 0.133-0.167 1.995
Kaninospirifer 1 1 0 1 1 1 0 0 0 0 1 1 1 ? 0 ? ? 0.477-0.567 0.246-0.281 0.153-0.220 0.071-0.081 0.041-0.071 0.168 1.745
Lepidospirifer 1 0 1 1 1 0 1 0 0 0 1 1 1 1 1 1 ? 0.375-0.463 0.250-0.338 0.123-0.199 0.063-0.079 0.070-0.100 0.154-0.176 1.482
Quadrospira 1 0 1 1 1 1 1 0 1 0 1 1 2 1 1 1 1 0.348-0.432 0.325-0.340 0.081-0.160 0.050-0.063 0.034-0.079 0.153-0.180 1.672
Fasciculatia 1 1 1 1 1 1 1 0 1 0 1 1 1 1 2 1 1 0.369-0.490 0.269-0.363 0.091-0.184 0.052-0.073 0.035-0.068 0.151-0.205 1.949
Trigonotreta 1 0 0/1 1 1 0 1 0 1 1 2 1 2 1 0 1 1 0.344-0.448 0.336 0.125 0.050-0.067 0.061-0.095 0.172-0.197 1.546
Aperispirifer 1 1 0 1 1 0 1 0 1 1 2 1 1 1 0 2 1 0.375-0.487 ? 0.134-0.143 0.046-0.087 0.069 0.119-0.208 1.644
Spiriferella 0 0 0 0 0 0 1 0 1 0 0 1 2 1 2 1 1 0.235-0.390 0.361-0.544 0.171-0.243 0.041-0.071 0.050-0.113 0.099-0.204 1.627
           Character
Taxon
Table 6.2. Character-taxon matrix coded for cladistic analysis. Characters 1-17 indicate discrete character whereas Characters 18-24 are generated from 
measurement of specimens ( ?, unknown character state).
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unordered and weighted equally, and the continuous characters were discretised into ordered 
character states through the cladistic analysis software TNT 1.1 (Goloboff et al., 2006).
The cladistic analyses under the maximum parsimony criterion were performed with 
software TNT 1.1 (Goloboff et al., 2008) using a ‘Traditional search’. The starting trees were 
Wagner trees with one random seed and 1,000 replicates, and the swapping algorithm was the 
tree bisection reconnection (TBR) with 50 trees saved per replication. Additionally a 
symmetric resampling analysis (Goloboff et al., 2003) for the dataset including all characters 
was performed with 20% change probability for 10,000 replicates in order to test the 
robustness of the reconstructed phylogeny.
6.3. Results and discussion
6.3.1. General topology of trees
The trees from all parsimonious analyses present a relatively strong consistency in the 
overall grouping, in spite of some variations across data matrices. The first analysis was 
performed with only the discrete characters, and it retained 13 most parsimonious trees 
(MPTs) with a length of 57. The strict consensus tree (Fig. 6.2A) presents a polytomy 
containing all trigonotretids in Carter et al. (1994), but the polytomy also includes branches 
from spiriferin and imbrexiid taxa. The second analysis was performed using the discrete and 
six continuous characters and retained two MPTs with a length of 58.166. The third analysis 
performed with all characters produced a single MPT with a length of 61.018. Both of these 
latter two analyses produced much fewer numbers of MPT when compared to the MPTs 
resulted from the first analysis (Table 6.3). The similar tendency that shows the decrease in 
the numbers of MPT by the inclusion of continuous characters in a dataset was also 
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Figure 6.2. A-C, The most parsimonious trees from three separate datasets, with and without 
inclusion of continuous characters. Black bars indicate changes of state in numbered 
character. However, autapomorphies are excluded. A, Strict consensus tree from 13 most 
parsimonious trees generated when only discrete characters are included. B, strict consensus 
tree from two most parsimonious trees generated when all discrete and six continuous 
characters (except Character 24) are included. C, single most parsimonious tree generated 
when all discrete and continuous characters are included. D, symmetric resampling test with 
20% change probability for 10,000 replications when all characters are included. Gray 
numbers above the branches indicate frequency difference (GC) values of resampling 
(Goloboff et al., 2003).
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Table 6.3. Searching results using only discrete characters (OD; Characters 1-17), using 
discrete and ratio characters (DR; Characters 1-23), and treating all characters (ALL; 
Characters 1-24). No. Char = number of characters; No. MPT = number of most 
parsimonious trees; TL = tree length; CI = consistency index; RI = retention index.
No. Char No. MPT TL CI RI
OD 17 13 57 0.404 0.605
DR 23 2 58.166 0.404 0.602
ALL 24 1 61.018 0.402 0.605
recognised by Hopkins (2011). The topologies of these trees from the second and third 
analyses are similar to each other mostly in outline, but they discriminate from one another in 
the position of two clades, one for trigonotretin genera and the other composed of Latispirifer,
Imbrexia, Fusispirifer, and Crassispirifer (Figs. 6.2B, C). These trees are also congruent with 
the consensus tree derived from the first analysis, although they are more highly resolved. 
All generated trees have relatively low consistency indices (CI) and high retention 
indices (RI) (Table 6.3).
6.3.2. Phylogeny of spiriferoidean brachiopods and traditional classifications
The phylogeny of the spiriferoidean brachiopods presented here is inconsistent with any 
of the traditional classifications hitherto proposed, despite the partial congruency (Table 6.1; 
Fig. 6.2). All MPTs retained from the three different datasets commonly support the 
following clades: the Prospira-Anthracospirifer clade with Angiospirifer as the sister group, 
the Choristites-Purdonella clade, the Trigonotreta-Aperispirifer clade, and the Neospirifer-
Quadrospira clade among neospiriferin genera. 
Carter et al. (1994) placed both the Prospiriferinae and Sergospiriferinae within the 
Spiriferidae. The Prospira-Anthracospirifer clade in our trees strongly supports the close 
relationship between these two subfamilies. However, this clade does not form a mono- or 
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para-phyletic group with some other taxa representing other subfamilies within the 
Spiriferidae in Carter et al. (1994). According to our trees, Purdonella representing the 
Purdonellinae forms a monophyly with Choristites, and spiriferin taxa, Spirifer and 
Latispirifer, are much more closely related to neospiriferins and imbrexiids. 
Carter et al. (1994) referred both the Angiospiriferinae and Choristitinae to the 
Choristitidae, but our trees depict a monophyly composed of Angiospirifer and the Prospira-
Anthracospirifer clade. The maximum width close to hinge line (Character 1), the existence 
of a small delthyrial plate (Character 6), and the distinctly developed growth lamellae only on 
the anterior of the shell (Character 15) all support this monophyly as the synapormophies. 
The Choristites-Purdonella clade partially supports Waterhouse (2004)’s classification 
in which the Purdonellinae was located with the Choristitinae in the Choristitidae. The 
absence of an external deltlhyrial covering (Character 4) is synapormorphic for the 
Purdonella-Choristites clade. However, Waterhouse (2004) included the Prospirinae in the 
Choristitidae, which contradicts our results.
The Trigonotreta-Aperispirifer clade represents a monophyletic group for the 
Trigonotretinae, but it is not clear if the trigonotretins form a sister group for the 
monophyletic group comprising spiriferins, imbrexiids, and neospiriferins, or if the 
trigonotretins are included in the monophyly because our trees present inconsistency for the 
matter. Spiriferella consistently represents a sister taxon for the monophyletic group 
composed of trigonotretids, spiriferins, and Imbrexia, which implies a close relationship 
between spiriferellids and trigonotretids.
The taxa from Subfamily Neospiriferinae in Carter et al. (1994) form neither a 
monophyletic nor a paraphyletic group. All our trees show that the spiriferin genera and 
Imbrexia are phylogenetically grouped together with the trigonotretids in Carter et al. (1994).
The highly resolved trees drawn from the two datasets including continuous characters 
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additionally support two monophyletic groups: 1) one composed of Latispirifer, Imbrexia,
Fusispirifer, and Crassispirifer, and 2) the other comprising Fasciculatia, Quadrospira,
Neopsirifer, Lepidospirifer, and Cartohium. The smaller clade, composed of very transverse 
neospiriferin and spiriferin genera with Imbrexia, is supported by the acquisition of a 
distinctly developed delthyrial plate (Character 6), implying that an imbrexiid, rather than 
Neospirifer, might be the ancestor of the Fusispiriferinae in Waterhouse (2004). Waterhouse 
(2004) explained that the trigonotretins originated from a stock different from that of 
neospiriferins, but our trees suggest that both of them were evolved from a most recent 
common ancestor regardless of the origin of their fasciculation. Since Carter et al. (1994),
several new subfamilies including Kaninospiriferinae Kalashnikov, 1996 and 
Gypospiriferinae Waterhouse, 2004 have been proposed with some neospiriferin genera in 
Carter et al. (1994). However, our trees do not support any close phylogenetic relationship 
between the genera comprising these subfamilies.
It is worthy to note that synarpomorphic characters for most clades presented in our 
trees are inconsistent with criteria used in traditional classifications of spiriferoidean 
brachiopods. This may mean that these previously used criteria may have mis- or under-
represented the true phylogeny of the spiriferoidean brachiopods. Also of note is that our 
results reveal the repeated appearance of many character states in the reconstructed 
phylogenetic trees, thus highlighting the variability of these characters.
In spite of the significant phylogenetic implication from the trees that sharply contrasts
with existing classifications, we do not suggest a new scheme as the replacement, because the 
result from a resampling analysis does not strongly support all topology from the 
parsiomonious trees. Except for a few cases, many clades are weakly supported or even 
collapsed by the symmetric test (Fig. 6.2D). The lack of sufficient robustness implicated in 
these parsimonious trees may be due to the relatively small number of characters used in the 
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analysis. For a future more thorough analysis of the phylogeny of all spiriferoidean taxa 
aimed for a much refined classification of this superfamily, a further phylogenetic study is 
required, which should include more spiriferoidean genera and a selection of more characters 
and refinement of character states to capture the full spectrum of phenotypic variations and 
plasticity.
6.3.3. Utilisation of continuous characters
Regardless of the phylogenetic utility of our result, this study clearly demonstrates the 
importance of continuous characters in understanding and reconstructing the phylogeny of 
spiriferoidean brachiopods. The polyphyly of neospiriferin brachiopods and the problem of 
traditional classification for the group were already displayed in an unpublished cladogram 
by Anelli (1999). However, the cladogram in Anelli (1999) is considerably different from our 
phylogenetic trees, although both studies share numerous characters. For example, our trees 
present a paraphyletic group formed by primitive spiriferids and choristitids and 
distinguished from trigonotretids, whereas there are no such distinctions in the tree of Anelli 
(1999). The discrepancy is most likely caused by the discretisation of quantitative values 
from the measurement of multiple specimens. Anelli (1999) selected only one specimen to 
represent each operational taxonomic unit (OTU) and arbitrarily discretised the character 
states for quantitative measurement values, whereas this study chose multiple specimens for 
each OTU and used multiple quantitative values to characterise each continuous character 
through software TNT 1.1 (Goloboff et al., 2006). The inclusion of continuous characters in a 
cladistic matrix specified the topology of parsimonious trees through the reduction of the 
numbers of MPT (Table 6.3; Fig. 6.2). In particular, the trees from these two datasets depict a 
more detailed phylogenetic relationship between neospiriferins, spiriferins, and Imbrexia. In 
numerous nodes, the continuous characters (Characters 18-24) are recognised as the 
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synapomorphies (Figs. 6.2B, C).
The analysis performed here suggests that the chosen continuous characters can provide 
phylogenetically meaningful information that is complementary to qualitative characters. 
Therefore, the continuous characters will be more useful in future phylogenetic analysis of 
fossil taxa/clades with insufficient morphological characters, like brachiopods. On the other 
hand, caution also needs to be exercised in selecting continuous characters as the 
quantification and phylogenetic significance of some of these continuous characters need to 
be carefully considered and discussed. For example, here we used maximum size of valves as 
a continuous character (Character 24), and the inclusion in our third dataset considerably 
changed the topology of the phylogenetic tree. In this study we did not discuss how 
significant this character is phylogenetically and how this significance can be and should be 
treated and quantified accordingly. This will be a task for future work.
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Chapter 7. Antitropicality and convergent evolution: a case study of some 
neospiriferin brachiopods
7.1. Introduction
The phenomenon of antitropicality, also described in some literature as bipolarity, is a 
distinct biogeographical pattern characterised by the natural occurrences of the same species 
or members of the same clade in the middle or middle to high latitudinal habitats of both 
hemispheres, either on land or in marine environments, without the appearance in the 
intervening tropical environments (e.g., Hubbs, 1952; Briggs, 1987; Shi and Grunt, 2000). 
Antitropical disjunctions of living species had long been recognised (e.g., Darwin, 1859), but 
the mechanism(s) responsible for their origins are still unclear and remain as a classic 
biogeographic topic of debate (Darling et al., 2004; Stepanjants et al., 2006; Pawlowski et al., 
2007; Escudero et al., 2010; Donoghue, 2011).
Antitropical distributions have also been documented in the fossil record. Among the 
fossil antitropicality studies so far documented, the Permian Period is known to abound with 
numerous examples especially for the marine invertebrate fossil record (e.g., Shi and Grunt, 
2000; Kossovaya, 2009; Reid and James, 2010). However, just like the challenge faced by 
biogeographers working on living organisms in trying to understand the mechanism(s) 
accountable for the formation of the present-day antitropicality, palaeobiogeographers 
interested in understanding fossil distribution patterns have also found it difficult to interpret 
the origin of fossil antitropicality in deep geological time. Shi and Grunt (2000) synthesized 
the antitropical distribution patterns of Permian representative marine invertebrate groups; 
and they also proposed and discussed several possible mechanisms for explaining their 
origins in the context of Permian global marine biogeography. However, their proposed 
scenarios were focused on either dispersal or vicariance biogeographic models.
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In this study, we have examined four Permian spiriferide brachiopod genera, including 
Kaninospirifer Kulikov and Stepanov in Stepanov et al., 1975, Fasciculatia Waterhouse, 
2004, Imperiospira Archbold and Thomas, 1993, and Quadrospira Archbold, 1997. All these 
genera have been known to be distributed in the middle to high latitudinal regions during the 
Permian. A taxonomical group composed of these genera has been suggested and accepted by 
some researchers, based on their morphological similarities (Kalashnikov, 1996, 1998; Shi et 
al., 2002; Waterhouse, 2004, 2010; Grunt, 2006; Li, 2009). These researchers also thought 
that the distributions of these brachiopods would display an antitropical disjunction as a 
whole. However, the phylogenetic relationships between these genera have never been 
verified. Do their morphological similarities imply some phylogenetic relationships between 
these genera? Or is there an alternative interpretation for their morphological resemblances? 
A resolution to this question is important for understanding the nature and origins of the 
Permian antitropicality, just as it is for a deeper understanding of biotic antitropicality in 
general.
In order to define the genuine palaeobiogeophical distributions of these brachiopod 
genera and to decipher the origin of their morphological similarities, this study makes 
detailed morphological comparisons between these taxa. In addition, the 
palaeobiogeographical distribution of each genus is investigated throughout its entire 
stratigraphic history. The phylogenetic relationships between these genera are analysed and 
discussed by performing detailed cladistic analyses of these four genera and their 
spiriferoidean allies. The distribution and phylogeny acquired from this study suggest that the 
morphological similarities among these brachiopods, alternatively, could be interpreted as the 
result of convergent evolution. This conclusion is very different from all the existing models 
invoked to account for the origins of the Permian marine biotic antitropicality.
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7.2. Material and methods
7.2.1. Observed specimens
We compared the detailed morphology of four spiriferide brachiopod genera based on 
our collections and literature. The morphology of Fasciculatia was observed primarily 
through our specimens collected from Permian sections in Spitsbergen and Arctic Canada 
(see Chapter 3). The specimens of Imperiospira included here were collected from the 
Carnarvon Basin of Western Australia, and all of them had already been taxonomically 
studied by Archbold and Thomas (1993). A few specimens of Kaninospirifer observed in this 
study were collected from Gansu Province in northwest China, and they had been originally 
figured by Li (2009). Additionally, we have obtained well-illustrated images of topotype 
materials for the type species of Kaninospirifer from Dr Tatjana Grunt who visited the type 
locality and has briefly documented its brachiopod fauna (Grunt, 2006). We did not acquire 
any actual specimens of Quadrospira here, but its morphological features were sufficiently 
provided from Archbold and Thomas (1986) and Archbold (1997).
Terminology.
For the morphological comparison between these brachiopods, it is necessary to note 
that the morphological term ‘dental plates’ or ‘dental lamellae’, as used in old literature (e.g., 
Dunbar, 1955; Williams and Rowell, 1965), has not been well defined and hence has been 
used very loosely by different researchers. Dental plates in spiriferide brachiopods were used 
to refer to the pair of vertical or subvertical plates extending from the edges of the delthyrium 
towards the ventral floor, often, but not always, comprising two parts: the upper part that 
extends along, and is connected to, the edges of the delthyrium, and the lower part that, if 
present, is connected to the interior floor of the ventral valve. Brown (1953) proposed two 
specific terms indicating these two parts: dental flanges and adminicula, respectively (see
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also Williams et al., 1997, fig. 324.3). Here we use the specific terms for the dental structures, 
following Brown (1953).
7.2.2. Calculation of Permian brachiopod palaeolocations
For these four brachiopod genera, the palaeobiogeographical distributions have also 
been thoroughtly examined. All stratigraphic distribution records of these genera have been 
collated with their detailed present-day situations (latitude and longitude) and geologic ages, 
and each record has also been taxonomically re-evaluated and verified to accord to the 
diagnosis accepted for each of these genera. 
The palaeolocations (palaeolatitude and palaeolongitude), indicating the original 
coordinates on the palaeo-Earth when the brachiopods lived, were calculated from the current 
fossil localities primarily through the software PointTracker (Scotese, 2004). For each fossil 
locality, four sets of palaeocoordinates representing four time slices (300, 280, 260, and 240 
Ma) were first acquired through the software to cover all the Permian stages (~299 to ~252 
Ma). Subsequently the final palaeocoordinates were determined for the representative 
geologic age of each record. For instance, 270 Ma was chosen as the representative geologic 
age of a Roadian fossil locality, and then, the mean values of two palaeocoordinates which 
had been already obtained for two adjacent time slices straddling over the 270 Ma mark 
(namely, 280 and 260 Ma) in the fossil record were considered to represent its final 
palaeolocation. For the simple calculation, we assumed that each palaeoposition had been 
drifting on the surface of the Earth with a constant velocity during the interval between two 
adjacent time slices.
In addition, the final palaeopositions derived from this method were compared with the 
palaeocoordinates of taxonomic occurrence data for the same fossil localities from the 
Paleobiology Database (PaleoDB: http://paleodb.org) downloaded on 1 December 2012.
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7.2.3. Phylogenetic analysis
The results from cladistic analyses performed in Chapter 6 were also used here to 
interpret the phylogenetic relationships of these four genera. Three different character-taxon 
matrices were prepared for the analyses, and these four genera were included in all the 
matrices (See Chapter 6 for more details).
7.3. Results and discussion
7.3.1. Morphological features of genera
As many new taxa have been reported, the Subfamily Neospiriferinae in Carter et al. 
(1994) has become a very large taxonomic group containing at least twenty genera (see Carter,
2006a; Gourvennec and Carter, 2007). With this expansion, some authors (Kalashnikov, 1996, 
1998; Waterhouse, 2004, 2010; Grunt, 2006) have grouped several neospiriferin genera of 
Carter et al. (1994) into a new subfamily, the Kaninospiriferinae Kalashnikov, 1996,
including Kaninospirifer, Imperiospira, and Quadrospira. According to these authors, these 
three genera share some important features, such as subdued fasciculation and weakly 
developed ventral adminicula. Further, these authors also suggested that all the
kaninospiriferin taxa had evolved from a lineage of Neospirifer. Fasciculatia, on the other 
hand, has been placed in different subfamilies by different authors: it was regarded by 
Waterhouse (2004) as a gypospiriferin genus within Spiriferidae, in contrast to Grunt (2006)
who instead included the genus in the Kaninospiriferinae. Prior to the erection of Fasciculatia
by Waterhouse (2004), the would-be species of this genus had all been considered to belong 
to Kaninospirifer by Kalashnikov (1996, 1998). 
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Kaninospirifer is characterised by a largely transverse outline, particularly in the type 
species. The shell surface is covered with fine costae forming fascicles distinct on the 
umbonal region. The sulcus is distinctly developed and the fold is usually rounded (Figs. 
7.1A-B). The dental plates are composed of strongly developed dental flanges and very 
weakly developed, or absence of, adminicula (Figs. 7.2A-C).
Fasciculatia is a generally pentagonal in outline, though the outline is variable by the 
development of sulcus. The genus also bears numerous fine costae which form fascicles 
distinct on the posterior of the shell. The sulcus is generally distinct but quite variably 
developed even within a species, and the fold is narrow having a sharp crest (Figs. 7.1C-D).
The dental plates are strongly developed and comprise of large dental flanges and moderately 
high adminicula (Figs. 7.2D-F).
Both Imperiospira and Quadrospira are represented by a quadrate outline. Imperiospira
is additionally characterised by having ventrally curved lateral margins. Its shell surface is 
ornamented by fine costae, and the costae form fascicles whose development presents an 
interspecific variation in the genus. The sulcus is distinct and deeply developed, and the fold 
is relatively wide with an angular crest (Figs. 7.1E-F). The dental plates are weakly 
developed: both the dental flanges and adminicula are low and short (Figs. 7.2G-I).
Quadrospira is distinguished from the other genera by its truncated hinge line and 
attenuated cardinal extremities in adult stage. Its shell surface has fine costae with strongly 
developed plications which generally extend to the anterior margin. The sulcus is quite 
distinct, and the fold is normally high with a sharp crest (Figs. 7.1G-H). The dental plates 
comprise of moderately developed dental flanges and adminicula in most species (Figs. 7.2J-
K).
The comparison through the detailed observation allowed us to confirm several 
similarities in morphology between these genera. All the genera have a relatively large size 
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Figure 7.1. External morphology of Kaninospirifer, Fasciculatia, Imperiospira, and 
Quadrospira. A-B, Kaninospirifer kaninensis (Licharew, 1943), Kanin Peninsula, Russia, 
duplicated from Carter (2006a), fig. 1192. C-D, Fasciculatia angulata (Waterhouse, 2004),
GSC 26406-006, Assistance Formation, Grinnell Peninsula of Devon Island, Arctic Canada. 
E-F, Imperiospira franzjosefi Archbold and Thomas, 1993, UWA27763, Wandagee 
Formation in Carnarvon Basin, Western Australia. G-H, Quadrospira plicata (Archbold and 
Thomas, 1986), CPC24340, Madeline Formation, Carnarvon Basin, Western Australia, 
duplicated from Archbold and Thomas (1986), fig. 5A and D, original designation of 
Neospirifer plicatus Archbold and Thomas, 1986.
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Figure 7.2. Comparison of the dental structures and schematic dental plates in anterior view. 
A-C, Kaninospirifer kaninensis (Licharew, 1943), Shuangbaotang Formation, Gansu 
Province, northwestern China. D-F, Fasciculatia striatoparadoxa (Toula, 1873), F7R-002,
Kapp Starostin Formation, Festningen, western Spitsbergen. G-I, Imperiospira franzjosefi 
Archbold and Thomas, 1993, UWA 23413, Wandagee Formation in Carnarvon Basin, 
Western Australia. J-K, Quadrospira hardmani (Foord, 1890), Callytharra Formation, 
Carnarvon Basin, Western Australia, CPC24339, from Archbold and Thomas (1986), fig. 3C, 
original designation as Neospirifer hardmani (Foord, 1890).
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for neospiriferin brachiopods. In spite of the variation in its development, fasciculation on the 
shell surface is a distinctive feature for all genera (Fig. 7.1). The width and branching pattern 
of costation are also similar among the genera. In addition, all the genera seem to have 
developed radial vascular markings around the muscle area with numerous small pits (Fig. 
7.2), although these structures have not been confirmed from the type materials of 
Kaninospirifer. The development of the sulcus and fold is quite variable, but the crest of the 
fold presents stability in these taxa. Kaninosprifier has a fold with a rounded crest, whereas 
the three other genera commonly have an angular fold with an acute crest. 
However, investigation of the dental structures revealed a peculiarly different feature 
shared only among the three kaninospiriferin genera (Kaninospirifer, Imperiospira, and 
Quadrospira): that all these genera display weakly developed ventral adminicula. As seen in 
Fig. 7.2, it is difficult to ascertain whether or not the dental structures in these taxa all 
conform to only one type of dental plates. Although Kaninospirifer, Imperiospira, and 
Quadrospira present relatively low and short ventral adminicula, these genera nevertheless
exhibit differences in the angle between dental flange and adminiculum, as well as in 
development of dental flanges. In any case, it is clear from Fig. 7.2 that Fasciculatia has
strongly developed adminicula, unlike the other three genera.
The variation in the development of fascicles in these taxa also highlights significant 
differences between these genera, suggesting the unlikelihood of grouping them together. The 
subdued fascicles in Kaninospirifer, Fasciculatia, and Imperiospira are commonly observed 
in the type species of Spirifer as well as in other neospiriferin genera. Moreover, Quadrospira 
has very strongly developed fascicles extending to the anterior margin of shell. These facts 
indicate that the commonality of weak fasciculation might be explained just as a 
plesiomorphic trait for the whole neospiriferin genera. 
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To sum up, it is true that these four genera share several similarities in their general 
morphology, but some morphological features which have been considered to be 
characteristic for this brachiopod group do not strongly support their common derivation 
from a most recent shared ancestor. 
7.3.2. Palaeobiogeographical distributions
In this study, we also investigated the detailed palaeobiogeography of each genus for 
the comparison of palaeolatitudinal distributions and palaeoenvironmental conditions during 
the Permian. A total of 165 records were collected for the four genera, all from Permian strata. 
According to our revised taxonomic classification for each record, these records include 
seven from Kaninospirifer, 84 from Fasciculatia, 19 from Imperiospira, and 55 from 
Quadrospira (Table 7.1). 
For each fossil locality, the palaeopositions in our investigation are mostly consistent 
with the palaeocoordinates from the Paleobiology Database (Table 7.1). And our calculated 
palaeocoordinates also match well with the depiction of these same localities in most widely 
used Permian palaeogeographical reconstruction maps, with one exception. The single 
exception relates to a locality from Mazongshan, Gansu Province, northwestern China (Li, 
2009). According to PointTracker (Scotese, 2004), the palaeoposition of this locality was 
20.3N, 80.8E, but this is not realistic as it would position the locality in a different tectonic 
plate rather than placing it next to southern Mongolian during the Permian (Table 7.1). The
Permian brachiopod fauna from this locality is comparable with faunas from Inner Mongolia 
and South Primorye as well as with the southern Mongolian fauna (Li, 2009), suggesting that 
all these regions were located close to one another during the Permian. Consequently, the 
palaeoposition of this exceptional locality was corrected to 36.0N and 80.8E along with the 
palaeocoordinates of localities in southern Mongolia, Inner Mongolia, and South Primorye 
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LatitudeLongitude Stage
Kaninospirifer kaninensis Kaninospirifer kaninensis Cheshskoy Bay, Kazanian, Kanin Peninsula, Russia 67.8N, 46.4E 35.8 32.3 35.2N, 32.2E Roadian 270 270 Licharew, 1943; Kalashnikov, 1996, 1998; Grunt, 2006
Kaninospirifer kaninensis Kaninospirifer kaninensis Pibnaya River, Section 5061, Kazanian, Kanin Peninsula, Russia 68.1N, 46.1E 36.0 31.9 36.0N, 31.9E Roadian 270 270 Kalashnikov, 1998
Kaninospirifer kaninensis Kaninospirifer kaninensis Mazongshan, Gansu Province, China 41.3N, 97.1E 20.3 80.8 late Artinskian - Rodian 280 - 270 275 Li, 2009 2
Kaninospirifer sp. Kaninospirifer kaninensis Xiujimqinqi, Inner Mongolia, China 44.4N, 117.5E 34.2 99.6 34.5N, 99.8E Wordian 265 265 Shi et al., 2002
Kaninospirifer borealis Kaninospirifer borealis Kazanian, Kanin Peninsula, Russia 67.8N, 46.4E 35.8 32.3 35.2N, 32.2E Roadian 270 270 Stepanov et al., 1975; Grunt, 2006
Kaninospirifer borealis Kaninospirifer borealis Nodtei Cape, Kanin Peninsula, Russia 67.8N, 45.8E 35.7 32.1 35.7N, 32.1E Roadian 270 270 Grunt et al., 2002
Kaninospirifer stepanovi Kaninospirifer stepanovi Kazanian, Kanin Peninsula, Russia 67.8N, 46.4E 35.8 32.3 35.2N, 32.2E Roadian 270 270 Grunt, 2006
Kaninospirifer incertiplicatus Fasciculatia incertiplicata Dzhirem-Ula Mountain area, South Mongolia 42.7N, 108.8E 34.1 91.2 Kungurian - Wordian 275 - 265 270 Pavlova, 1991
Kaninospirifer incertiplicatus Fasciculatia incertiplicata Khuryin-Chibe-Khuduk Well, Northern Tsaga-Ula Mt. South Mongolia 42.5N, 104.3E 34.4 86.8 34.3N, 86.6E Kungurian 275 - 270 275 Pavlova, 1991
Kaninospirifer adpressum Fasciculatia adpressa Dzhirem-Ula Mountain area, South Mongolia 42.7N, 108.8E 34.1 91.2 Kungurian - Wordian 275 - 265 270 Pavlova, 1991
Kaninospirifer adpressum Fasciculatia adpressa Nesterovka River Basin, Loelin-Grodekov Terrane, South Primorye, Russia 44.3N, 130.8E 31.6 110.5 Wordian - Capitanian 265-260 265 Kotlyar et al., 2007
Kaninospirifer adpressum Fasciculatia adpressa Shirokaya Ravin Basin, Loelin-Grodekov Terrane, Northeast China? 43.1N, 131.6E 30.3 110.8 Wordian - Capitanian 265-260 265 Kotlyar et al., 2007
Neospirifer adpressum Fasciculatia adpressa P12H6, Xiujimqinqi, Inner Mongolia, China 45.3N, 117.5E 35.1 99.9 34.0N, 99.3E Roadian - Capitanian 270 - 260 265 Liu and Waterhouse, 1985
Neospirifer sulcoprofundus Fasciculatia striatoparadoxa P12H6, Xiujimqinqi, Inner Mongolia, China 45.3N, 117.5E 35.1 99.9 Roadian - Capitanian 270 - 260 265 Liu and Waterhouse, 1985
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Kapp Waern, Nordfjorden, Spitsbergen 78.6N, 14.9E 40.7 15.2 Kungurian - Lopingian? 285 - 251 265 Toula, 1873, 1875; Gobbett, 1963
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Templet, Bünsow Land, Spitsbergen 78.4N, 16.7E 40.7 15.8 Kungurian - Lopingian? 275 - 251 265 Gobbett, 1963
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Bjonahamna, Bünsow Land, Spitsbergen 78.4N, 16.9E 40.7 15.8 Kungurian - Lopingian? 275 - 251 265
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Gipshuken, Bünsow Land, Spitsbergen 78.5N, 16.5E 40.8 15.7 Kungurian - Lopingian? 275 - 251 265
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Tyrrellfjellet, Bünsow Land, Spitsbergen 78.6N, 16.7E 40.9 15.6 Kungurian - Lopingian? 275 - 251 265
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Skivefjellet, Oscar II Land, Spitsbergen 78.5N, 13.8E 40.5 15.0 Kungurian - Lopingian? 275 - 251 265
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Miseryfjellet, Bjørnøya 74.4N, 19.2E 36.3 18.8 Kungurian - Wordian 275 - 265 270
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Lakselva, Bjørnøya 74.5N, 19.1E 36.3 18.7 Kungurian - Wordian 275 - 265 270
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Herwighamna, Bjørnøya 74.5N, 19.1E 36.3 18.7 Kungurian - Wordian 275 - 265 270
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Lundenæringane, Bjørnøya 74.5N, 19.1E 36.3 18.7 Kungurian - Wordian 275 - 265 270
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Brachiopoddal, LK406, Wollaston Foreland, Greenland 74.4N, 20.1W 31.4 14.0 31.3N, 15.5E Wuchiapingian 260 - 255 255 Dunbar, 1955; Waterhouse, 2004
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Brachiopoddal, LK411, Wollaston Foreland, Greenland 74.4N, 20.1W 31.4 14.0 31.3N, 15.5E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Brachiopoddal, LK415, Wollaston Foreland, Greenland 74.4N, 20.1W 31.4 14.0 31.3N, 15.5E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Carbondal, LK604, Wollaston Foreland, Greenland 74.4N, 20.1W 31.4 14.0 31.3N, 15.5E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Carbondal, LK606, Wollaston Foreland, Greenland 74.4N, 20.1W 31.4 14.0 31.3N, 15.5E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Carbondal, LK80, Wollaston Foreland, Greenland 74.4N, 20.1W 31.4 14.0 31.3N, 15.5E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Carbondal, LK8a, Wollaston Foreland, Greenland 74.4N, 20.1W 31.4 14.0 31.3N, 15.5E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Cirkusdal, Northern Clavering Ø, Greenland 74.4N, 21.6W 31.3 13.5 31.2N, 15.1E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Diabase Haven, Herschell Bjerg, Clavering Ø, Greenland 74.2N, 20.8W 31.2 13.8 31.1N, 15.4E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Djaevlekloften, Clavering Ø, Greenland 74.3N, 21.6W 31.2 13.6 31.2N, 15.1E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Djaevlekloften, LK20, Clavering Ø, Greenland 74.3N, 21.6W 31.2 13.6 31.2N, 15.1E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Dolomitdal, Clavering Ø, Greenland 74.4N, 21.6W 31.3 13.5 31.2N, 15.1E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Forposten, Avantpostbjerg, Clavering Ø, Greenland 74.3N, 20.7W 31.3 13.8 31.3N, 14.9E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Groensedalen, LK8, Wollaston Foreland, Greenland 74.3N, 20.1W 31.3 14.0 31.3N, 14.9E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Groensedalen, Wollaston Foreland, Greenland 74.3N, 20.1W 31.3 14.0 31.3N, 14.9E Wuchiapingian 260 - 255 255
Table 7.1. Localities of Kaninospirifer, Fasciculatia, Imperiospira, and Quadrospira  with their current- and palaeo-coordinates
Species as recorded Revised here Locality ReferencesCurrent coordinates
Paleolocation1 Age
Ma
Data from 
PaleoDB
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Spirifer striatoparadoxus Fasciculatia striatoparadoxa Kap Stosch, LK12, Hold With Hope Land, Greenland 74.1N, 21.7W 31.0 13.6 31.4N, 14.5E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Kap Stosch, LK28, Hold With Hope Land, Greenland 74.1N, 21.7W 31.0 13.6 31.4N, 14.5E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Kap Stosch, LK4, Hold With Hope Land, Greenland 74.1N, 21.7W 31.0 13.6 31.4N, 14.5E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Kap Stosch, LK6, Hold With Hope Land, Greenland 74.1N, 21.7W 31.0 13.6 31.4N, 14.5E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Kap Stosch, LK7, Hold With Hope Land, Greenland 74.1N, 21.7W 31.0 13.6 31.4N, 14.5E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Kap Stosch, N57, Rivers 13-14, Hold With Hope Land, Greenland 74.0N, 21.4W 30.9 13.7 31.2N, 14.7E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Kap Stosch, N65, River 9, Hold With Hope Land, Greenland 74.0N, 21.5W 30.9 13.7 31.1N, 14.7E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Nathorsts Fjord, SII-315, Wegener Halvo, Greenland 71.7N, 22.6W 28.6 14.1 28.6N, 15.1E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Permpas, Wollaston Foreland, Greenland 74.4N, 19.8W 31.4 14.1 31.4N, 15.1E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Productuselv, Clavering Ø, Greenland 74.2N, 20.8W 31.2 13.8 31.2N, 14.9E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Sandstensdal, Wollaston Foreland, Greenland 74.4N, 20.3W 31.4 13.9 31.4N, 15.0E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Schucherts Flod, Productus ledge, Scoresby Land, Greenland 71.4N, 24.6W 28.2 13.6 28.2N, 14.5E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Stilles Ø, Hold With Hope Land, Greenland 74.0N, 21.2W 30.9 13.8 30.9N, 14.8E Wuchiapingian 260 - 255 255
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Fiskeelv, Productus limestone, Southern Clavering Ø, Greenland 74.1N, 20.7W 31.1 13.9 31.1N, 14.9E Wuchiapingian 260 - 255 255
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa Barabashevka River, Middle Chandalaz, Primorye, Russia 43.2N, 131.5E 30.4 111.2 30.4N, 110.9E Capitanian 265 - 260 260 Licharew and Kotlyar, 1978
Neospirifer cf. N. striatoparadoxus Fasciculatia striatoparadoxa 21788-PC, Yukon River-Nation River Confluence, Alaska, USA 65.2N, 141.7W 43.5 -27.5 43.4N, 27.2W Wordian 265 265 Brabb and Grant, 1971
Neospirifer cf. N. striatoparadoxus Fasciculatia striatoparadoxa 23061-PC, Yukon River-Nation River Confluence, Alaska, USA 65.2N, 141.7W 43.5 -27.5 43.4N, 27.2W Wordian 265 265
Neospirifer cf. N. striatoparadoxus Fasciculatia striatoparadoxa 23062-PC, Yukon River-Nation River Confluence, Alaska, USA 65.2N, 141.7W 43.5 -27.5 43.4N, 27.2W Wordian 265 265
Neospirifer cf. N. striatoparadoxus Fasciculatia striatoparadoxa 21799-PC, Yukon River-Nation River Confluence, Alaska, USA 65.2N, 141.7W 43.1 -26.7 42.8N, 26.1W Roadian 270 270
Spirifer striatoparadoxus Fasciculatia striatoparadoxa Wapiti Lake, British Columbia, Canada 54.5N, 120.7W 28.8 -29.7 28.8N, 29.8W Wordian - Capitanian 265 - 260 265 Logan and McGugan, 1968
Spirifer striatoparadoxus Fasciculatia striatoparadoxa East of Headwaters of Sulphur River, Alberta, Canada 53.6N, 119.1W 26.1 -31.7 26.6N, 30.8W Wuchiapingian 260 - 255 255
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa Festningen, Spitsbergen 78.1N, 14.0E 40.2 15.3 41.9N, 13.4E Kungurian - Lopingian? 275 - 251 265 Nakamura et al., 1987, 1992; Present study
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa Sveltihel, Spitsbergen 78.3N, 16.8E 40.6 15.8 41.5N, 15.7E Kungurian - Lopingian? 275 - 251 265
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa Skansbukta B, Dickson Land, Spitsbergen 78.5N, 15.9E 40.7 15.5 Kungurian - Lopingian? 275 - 251 265
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa Ahlstrandodden, Spitsbergen 77.5N, 15.0E 39.7 15.8 Kungurian - Lopingian? 275 - 251 265
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa Trygghamna, Oscar II Land, Spitsbergen 78.2N, 13.9E 40.3 15.2 Kungurian - Lopingian? 275 - 251 265
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa Tumenling, Wuchang, Heilong-jiang Province, China 44.8N, 127.3E 32.7 107.8 32.7N, 107.8E Wordian - Capitanian? 265 - 260 265 Li et al., 1980
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa X4, Yuejinmeikuang, Xiujimqinqi, Inner Mongolia, China 44.5N, 117.6E 34.3 99.7 Wordian 265 265 Wang and Zhang, 2003
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa X6, Yuejinmeikuang, Xiujimqinqi, Inner Mongolia, China 44.5N, 117.6E 33.9 98.7 Kungurian 275 - 270 275
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa X7, Yuejinmeikuang, Xiujimqinqi, Inner Mongolia, China 44.5N, 117.6E 33.9 98.7 Kungurian 275 - 270 275
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa X9, Yuejinmeikuang, Xiujimqinqi, Inner Mongolia, China 44.5N, 117.6E 33.9 98.7 Kungurian 275 - 270 275
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa X10, Yuejinmeikuang, Xiujimqinqi, Inner Mongolia, China 44.5N, 117.6E 33.9 98.7 Kungurian 275 - 270 275
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa P12H4, Yuejinmeikuang, Xiujimqinqi, Inner Mongolia, China 44.5N, 117.6E 33.9 98.7 Kungurian 275 - 270 275
Neospirifer striatoparadoxus Fasciculatia striatoparadoxa P12H6, Yuejinmeikuang, Xiujimqinqi, Inner Mongolia, China 44.5N, 117.6E 33.9 98.7 Kungurian 275 - 270 275
Spirifer marcoui Fasciculatia striatoparadoxa Store Bjoernekap, Koenig Oscar Land, Canada 77.4N, 87.6W 34.7 2.4 34.0N, 2.0E Artinskian 285 - 275 280 Tschernyschew and Stepanov, 1916
Spirifer striatoparadoxus Fasciculatia angulata GSC 26406, Lyall River, Grinnell Peninsula, Devon Island, Nunavut, Canada 77.0N, 95.4W 37.5 -0.3 36.9N, 0.0E Roadian 270 270 Harker and Thorsteinsson, 1960; Waterhouse, 2004
Spirifer striatoplicatus Fasciculatia groenwalli Bjonahamna, Bünsow Land, Spitsbergen 78.4N, 16.9E 37.6 16.5 Artinskian -Kungurian 285 - 251 280 Gobbett, 1963
Spirifer striatoplicatus Fasciculatia groenwalli West of Kapp Schoultz, Tempelfjorden, Spitsbergen 78.3N, 17.0E 37.5 16.6 Artinskian - Kungurian 285 - 251 280
Spirifer striatoplicatus Fasciculatia groenwalli Rejmyrefjellet, Tempelfjorden, Spitsbergen 78.4N, 17.3E 37.6 16.6 Artinskian - Kungurian 285 - 251 280
Spirifer striatoplicatus Fasciculatia groenwalli Gipshuken, Bünsow Land, Spitsbergen 78.5N, 16.5E 37.6 16.4 Artinskian - Kungurian 285 - 251 280
Spirifer striatoplicatus Fasciculatia groenwalli Tyrrellfjellet, Bünsow Land, Spitsbergen 78.6N, 16.7E 37.7 16.4 Artinskian - Kungurian 285 - 251 280
Spirifer striatoplicatus Fasciculatia groewalli Miseryfjellet, Bjørnøya 74.4N, 19.2E 35.2 19.0 Kungurian 275 - 270 275
Fasciculatia striatoplicata Fasciculatia groenwalli Skansen, Billefjorden, Spitsbergen 78.5N, 16.1E 37.6 16.3 Artinskian - Kungurian 285 - 270 280 Angiolini and Long, 2008
Neospirifer grönwalli Fasciculatia groenwalli Profile G and H, Amdrup Land, Greenland 80.7N, 15.5W 33.4 15.8 Artinskian - Kungurian 285 - 270 280 Frebold, 1950; Dunbar, 1962
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Neospirifer grönwalli Fasciculatia groenwalli Festningen, Spitsbergen 78.1N, 14.0E 37.1 16.0 Artinskian - Kungurian 285 - 270 280 Nakamura et al., 1987, 1992; Present study
Neospirifer grönwalli Fasciculatia groenwalli Sveltihel, Spitsbergen 78.3N, 16.8E 37.5 16.6 Artinskian - Kungurian 285 - 270 280
Neospirifer grönwalli Fasciculatia groenwalli Trygghamna, Oscar II Land, Spitsbergen 78.2N, 13.9E 37.2 15.9 Artinskian - Kungurian 285 - 270 280
Neospirifer grönwalli Fasciculatia groenwalli Skansbukta A, Dickson Land, Spitsbergen 78.5N, 15.9E 37.6 16.3 Artinskian - Kungurian 285 - 270 280
Neospirifer groenwalli Fasciculatia groenwalli Svartevaeg Cliffs, Axel Heiberg Island, Canada 81.3N, 92.3W 38.9 4.8 38.8N, 4.9E Kungurian 275 - 270 275 Stehli and Grant, 1971
Neospirifer subfasciger Fasciculatia groenwalli Indiga River, North Timan Mountains, Russia 67.7N, 49.1E 32.6 31.7 32.4N, 31.6E Cisularian 300 - 270 285 Kalashnikov, 1986, 1998
Spirifer striatoparadoxus Fasciculatia sp. Gypsum River, Nunavut, Canada 82.7N, 68.2W 37.9 9.2 37.9N, 9.2E Permian 300 - 251 275 Christie, 1964
Spirifer cameratus Fasciculatia sp. Cape Sheridan, Ellesmere Island, Nunavut, Canada 82.5N, 61.5W 37.4 10.1 37.3N, 10.1E Permian 300 - 251 275 Whitfield, 1908
Imperiospira franzjosefi Imperiospira franzjosefi UWA T52, Carnarvon Rd, Carnarvon Basin, WA, Australia 23.8S, 114.7E -56.8 91.7 57.1S, 91.6E Kungurian 275 - 270 275 Archbold and Thomas, 1993
Imperiospira franzjosefi Imperiospira franzjosefi UWA WC(27-32)1, Mungadan Paddock, Carnarvon Basin, Australia 23.7S, 114.5E -56.6 91.4 57.0S, 91.3E Kungurian 275 - 270 275
Imperiospira franzjosefi Imperiospira franzjosefi UWA WC8, Carnarvon Basin, WA, Australia 24.0S, 113.0E -57.5 90.1 57.7S, 90.9E Artinskian 285 - 275 280
Imperiospira franzjosefi Imperiospira franzjosefi Minilya River syncline, Wandagee Station, WA, Australia 23.7S, 114.4E -56.6 91.3 56.9S, 91.3E Kungurian 275 - 270 275
Imperiospira franzjosefi Imperiospira franzjosefi UWA J6, Minilya River, Carnarvon Basin, WA, Australia 23.7S, 114.5E -56.6 91.4 57.0S, 91.3E Kungurian 275 - 270 275
Imperiospira franzjosefi Imperiospira franzjosefi BMR G64, Calvary Spring, Walbarune Peak Station, Australia 25.0S, 115.1E -58.0 91.4 58.4S, 92.1E Kungurian 275 - 270 275
Imperiospira franzjosefi Imperiospira franzjosefi BMR KNA36, Mount Anderson Homestead, Grant Range, Australia 18.1S, 123.9E -54.0 109.2 55.0S, 109.0E Kungurian 275 - 270 275
Imperiospira franzjosefi Imperiospira franzjosefi BMR KNF76, Brunten's Yard, Cherrabun Station, Canning Basin, Australia 18.7S, 125.6E -55.7 113.4 55.5S, 114.0E Artinskian 285 - 275 280
Imperiospira dickinsi Imperiospira dickinsi BMR CC141, Trig Point K52, Carnarvon Basin, WA, Australia 24.0S, 115.2E -58.4 98.2 58.7S, 96.8E Sakmarian 295 - 285 290 Archbold and Thomas, 1993
Imperiospira dickinsi Imperiospira dickinsi GAT DD1063, Middalya-Williambury Station, WA, Australia 24.0S, 115.2E -58.4 98.2 58.7S, 96.8E Sakmarian 295 - 285 290
Imperiospira dickinsi Imperiospira dickinsi GAT DD1067, Middalya-Williambury Station, WA, Australia 24.0S, 115.2E -58.4 98.2 58.7S, 96.8E Sakmarian 295 - 285 290
Imperiospira campbelli Imperiospira campbelli BMR F17023, Muderong Bore, Carnarvon Basin, WA, Australia 24.0S, 114.8E -57.0 91.7 57.3S, 91.6E Kungurian 275 - 270 275 Archbold and Thomas, 1993
Imperiospira campbelli Imperiospira campbelli GSWA 69566, Twin Bore, Middalya Homestead, WA, Australia 24.0S, 114.7E -55.9 90.3 56.6S, 90.7E Rodian (Kungurian?) 270 270
Imperiospira campbelli Imperiospira campbelli UWA WF8.9, Shed Paddock, Wandagee Station, WA, Australia 23.9S, 114.5E -55.7 90.0 56.4S, 90.4E Rodian (Kungurian?) 270 270
Imperiospira campbelli Imperiospira campbelli BMR ML125, Big Hill, Muderong Bore, Carnarvon Basin, WA, Australia 24.1S, 114.8E -56.0 90.3 56.8S, 90.7E Rodian (Kungurian?) 270 270
Imperiospira campbelli Imperiospira campbelli Fossil Head, Port Keats Mission, Bonaparte Gulf Basin, NT, Australia 14.3S, 129.4E -50.5 117.3 51.1S, 118.0E Rodian (Kungurian?) 270 270
Imperiospira sp. A Imperiospira sp. A BMR ML18, Donelly's Well, Carnarvon Basin, WA, Australia 24.0S, 115.1E -58.3 93.4 58.6S, 95.4E late Artinskian 280 280 Archbold and Thomas, 1993
Imperiospira sp. B Imperiospira sp. B BMR F20932, Cundlego Crossing, Minilya River, Australia 23.7S, 114.5E -56.6 91.4 57.0S, 91.3E Kungurian (Artinskian?) 275 - 270 275 Archbold and Thomas, 1993
Spirifer bambadhuriensis Imperiospira bambadhuriensis Dharma XI, Lissar Valley, Johar, India 30.5N, 80.3E -48.8 59.9 50.2S, 59.5E Wuchiapingian 260 - 255 255 Diener, 1903; Waterhouse, 2004
Neospirifer plicatus Quadrospira plicatus BMR ML87, Lyndon River, Mia Mia Homestead, Carnarvon Basin, Australia 23.4S, 114.6E -57.5 93.0 57.6S, 93.8E middle Artinskian 280 280 Archbold and Thomas, 1986
Neospirifer plicatus Quadrospira plicatus BMR WB11, Mount Madeline, Carnarvon Basin, WA, Australia 25.8S, 115.7E -60.1 93.1 60.2S, 94.1E middle Artinskian 280 280
Neospirifer plicatus Quadrospira plicatus BMR WB51, Keogh Hill, Carnarvon Basin, WA, Australia 25.8S, 115.7E -60.1 93.1 60.3S, 94.0E middle Artinskian 280 280
Neospirifer plicatus Quadrospira plicatus BMR L627, Kuriyippi Hills, Bonaparte Gulf Basin, WA, Australia 15.8S, 124.5E -52.7 112.4 52.5S, 113.0E middle Artinskian 280 280
Neospirifer postplicatus Quadrospira postplicatus BMR KNF73, Bruten's Old Yard, Cherrabum Station, Canning Basin, Australia 18.7S, 125.6E -55.7 113.4 55.5S, 114.0E late Artinskian 280 280 Archbold and Thomas, 1986
Neospirifer postplicatus Quadrospira postplicatus UWA WC(29-32)3, Mungadan Paddock, Carnarvon Basin, Australia 23.7S, 114.5E -57.8 92.7 57.0S, 91.3E late Artinskian (Kung.?) 280 280
Neospirifer postplicatus Quadrospira postplicatus UWA WC8, Carnarvon Basin, WA, Australia 24.0S, 113.0E -57.5 90.1 57.5S, 90.9E late Artinskian 280 280
Neospirifer (Q.) preplicatus Quadrospira preplicatus GSWA 144110, Callytharra Springs, Second Gully, WA, Australia 25.9S, 115.5E -60.3 97.8 60.6S, 96.2E Sakmarian 295 - 285 290 Hogeboom and Archbold, 1999
Quadrospira woolagensis Quadrospira woolagensis Woolaga Creek, Irwin River District, Perth Basin, WA, Australia 29.2S, 115.7E -63.3 90.2 63.4S, 91.3E late Artinskian 280 280 Archbold, 1997
Neospirifer hardmani Quadrospira hardmani Fossil Hill, Wyndham River, Bidgemia Station, WA, Australia 25.1S, 115.6E -59.5 98.4 60.4S, 96,4E Sakmarian 295 - 285 290 Archbold and Thomas, 1986
Neospirifer hardmani Quadrospira hardmani Fossil Hill, Wyndham River, Bidgemia Station, WA, Australia 25.1S, 115.6E -59.5 98.4 60.4S, 96,4E Sakmarian 295 - 285 290
Neospirifer hardmani Quadrospira hardmani GAT locality PA591, Bilung Creek, Wooramel River, WA, Australia 25.7S, 115.9E -60.2 98.6 60.5S, 97.0E Sakmarian 295 - 285 290
Neospirifer hardmani Quadrospira hardmani GAT locality PB603, Bilung Creek, Wooramel River, WA, Australia 25.7S, 115.9E -60.2 98.6 60.5S, 97.0E Sakmarian 295 - 285 290
Neospirifer hardmani Quadrospira hardmani GAT locality V736, Tallangatta Bore, Bidgemia Station, WA, Australia 25.0S, 115.0E -59.3 97.4 59.6S, 95.8E Sakmarian 295 - 285 290
Neospirifer hardmani Quadrospira hardmani GAT locality W758, Jimba Jimba Station, WA, Australia 25.0S, 115.0E -59.2 92.5 59.3S, 93.4E Artinskian 285 - 275 280
Neospirifer hardmani Quadrospira hardmani GAT locality X807, Coordewandy Homestead, WA, Australia 25.6S, 115.9E -60.0 93.6 60.2S, 94.6E Artinskian 285 - 275 280
Neospirifer hardmani Quadrospira hardmani Fossil Cliff, Irwin River, WA, Australia 28.9S, 115.5E -63.1 96.2 63.5S, 94.3E Sakmarian 295 - 285 290
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Neospirifer hardmani Quadrospira hardmani BMR ML29, Donelly's Well, Williambury Station, WA, Australia 24.0S, 115.1E -58.3 98.1 58.8S, 97.7E Sakmarian 295 - 285 290
Neospirifer hardmani Quadrospira hardmani BMR G202, Lyons River Homestead, WA, Australia 24.6S, 115.3E -59.0 98.1 59.2S, 96.6E Sakmarian 295 - 285 290
Neospirifer hardmani Quadrospira hardmani GSWA F6255, Kennedy Range Dam, Gascoyne River, WA, Australia 25.0S, 115.1E -59.2 92.7 59.5S, 93.5E Artinskian 285 - 275 280 Archbold and Shi, 1993
Neospirifer hardmani Quadrospira hardmani GSWA F6256, Kennedy Range Dam, Gascoyne River, WA, Australia 25.0S, 115.1E -59.2 92.7 59.5S, 93.5E Artinskian 285 - 275 280
Neospirifer hardmani Quadrospira hardmani GSWA  144111, Callytharra Springs, Fourth Gully, WA, Australia 25.9S, 115.5E -60.3 97.8 60.6S, 96.2E Sakmarian 295 - 285 290 Hogeboom and Archbold, 1999
Neospirifer hardmani Quadrospira hardmani Bidgemia 1 Well, 207m Depth, WA, Australia 25.3S, 115.3E -59.6 97.8 59.9S, 96.3E Sakmarian 295 - 285 290 Archbold and Hogeboom, 2000
Neospirifer hardmani Quadrospira hardmani Burna 1 Well, 574.9m Depth, WA, Australia 23.7S, 114.4E -57.7 92.5 57.9S, 93.5E Artinskian 285 - 275 280
Neospirifer hardmani Quadrospira hardmani Callytharra Springs, cycle 2, WA, Australia 25.9S, 115.5E -60.3 97.8 60.6S, 96.2E Sakmarian 295 - 285 290 Dixon and Haig, 2004
Neospirifer hardmani Quadrospira hardmani Callytharra Springs, cycle 5, WA, Australia 25.9S, 115.5E -60.3 97.8 60.6S, 96.2E Sakmarian 295 - 285 290
Neospirifer hardmani Quadrospira hardmani Bren Spur Horizon 3, Kashmir, India 34.1N, 74.9E -53.5 62.2 52.3S, 62.2E Sakmarian 295 - 285 290 Reed 1932; Angiolini et al., 1997
Neospirifer hardmani Quadrospira hardmani Bren Spur Middlemiss Locality 1, Kashmir, India 34.1N, 74.9E -53.5 62.2 52.9S, 61.1E Sakmarian 295 - 285 290
Neospirifer hardmani Quadrospira hardmani Khao Than, Bioclastic Limestone Facies, Chumphon, Thailand 10.1N, 99.2E -35.0 109.7 35.3S, 110.8E Artinskian 285 - 275 280 Shi et al., 2001
Neospirifer aff. hardmani Quadrospira hardmani OL15, Saiwan type section, Huqf area, Oman 20.9N,  57.6E -42.2 52.8 42.9S, 52.9E late Sakmarian 285 285 Angiolini et al., 1997; Waterhouse, 2004
Neospirifer aff. hardmani Quadrospira hardmani OL16, Saiwan type section, Huqf area, Oman 20.9N,  57.6E -42.2 52.8 42.9S, 52.8E late Sakmarian 285 285
Neospirifer aff. hardmani Quadrospira hardmani OL17, Saiwan type section, Huqf area, Oman 20.9N,  57.6E -42.2 52.8 42.9S, 52.8E late Sakmarian 285 285
Neospirifer aff. hardmani Quadrospira hardmani OL18, Saiwan type section, Huqf area, Oman 20.9N,  57.6E -42.2 52.8 42.9S, 52.8E late Sakmarian 285 285
Neospirifer aff. hardmani Quadrospira hardmani OL11, Left bank of wadi Haushi, Huqf area, Oman 21.0N,  57.6E -42.1 52.9 42.8S, 52.9E late Sakmarian 285 285
Neospirifer aff. hardmani Quadrospira hardmani Huqf3, Huqf area, Oman 21.0N,  57.6E -42.1 52.9 42.8S, 52.9E late Sakmarian 285 285
Neospirifer aff. hardmani Quadrospira hardmani Huqf4, Huqf area, Oman 20.9N,  57.6E -42.2 52.8 42.8S, 52.9E late Sakmarian 285 285
Aperispirifer undatus Quadrospira hardmani Caparay Ghar Section A, Bed 15, Wardak, Afghanistan 34.1N, 68.5E -40.8 68.8 38.9S, 67.2E Sakmarian 295 - 285 290 Termier et al., 1974; Angiolini et al., 1997
Aperispirifer undatus Quadrospira hardmani Caparay Ghar Section C-1C, Bed 26-31, Wardak, Afghanistan 34.1N, 68.5E -40.8 68.8 38.9S, 67.3E Sakmarian 295 - 285 290
Aperispirifer undatus Quadrospira hardmani Caparay Ghar Section D, Bed 10, Wardak, Afghanistan 34.1N, 68.5E -40.8 68.8 39.0S, 67.2E Sakmarian 295 - 285 290
Aperispirifer undatus Quadrospira hardmani Caparay Ghar Section D, Bed 11a, Wardak, Afghanistan 34.1N, 68.5E -40.8 68.8 39.0S, 67.2E Sakmarian 295 - 285 290
Neospirifer (Q.) tibetensis Quadrospira tibetensis Unit 7, AH332-AH333-AH368, Tibet, China 29.0N, 84.0E -54.6 60.6 54.6S, 60.6E Capitanian-Wuchiapingian 265 - 255 260 Shi et al., 2003
Neospirifer (Q.) sp. Quadrospira sp. Unit 11, AH334-AH343-AH344-AH345, Tibet, China 29.0N, 84.0E -54.6 60.6 54.6S, 60.6E Capitanian-Wuchiapingian 265 - 255 260 Shi et al., 2003
Neospirifer (Q.) tibetensis Quadrospira tibetensis Selong Xishan Section, Selong Group, Bed 8, Tibet, Xizang, China 28.7N, 85.8E -53.5 63.2 54.0S, 63.1E Lopingian 260 - 251 255 Shen et al., 2001
Neospirifer (Q.) tibetensis Quadrospira tibetensis Selong Xishan Section, Selong Group, Bed 10, Tibet, Xizang, China 28.7N, 85.8E -53.5 63.2 54.0S, 63.1E Lopingian 260 - 251 255
Neospirifer (Q.) tibetensis Quadrospira tibetensis Selong Xishan Section, Selong Group, Bed 3, Tibet, Xizang, China 28.7N, 85.8E -53.5 63.2 55.0S, 62.6E Wuchiapingian 260 - 255 255
Neospirifer (Q.) tibetensis Quadrospira tibetensis Selong Xishan Section, Selong Group, Bed 6a, Tibet, Xizang, China 28.7N, 85.8E -53.5 63.2 55.0S, 62.6E Wuchiapingian 260 - 255 255
Neospirifer (Q.) tibetensis Quadrospira tibetensis Selong Xishan Section, Selong Group, Bed 6c, Tibet, Xizang, China 28.7N, 85.8E -53.5 63.2 55.0S, 62.6E Wuchiapingian 260 - 255 255
Neospirifer (Q.) tibetensis Quadrospira tibetensis Bed 6, Qubu section, Mount Qomolangma region, Tibet, China 28.3N, 86.8E -54.4 63.8 55.9S, 63.3E Wuchiapingian 260 - 255 255 Shen et al., 2003
Neospirifer (Q.) tibetensis Quadrospira tibetensis Bed 7, Qubu section, Mount Qomolangma region, Tibet, China 28.3N, 86.8E -54.4 63.8 55.9S, 63.3E Wuchiapingian 260 - 255 255
Neospirifer (Q.) tibetensis Quadrospira tibetensis Bed 9, Qubu section, Mount Qomolangma region, Tibet, China 28.3N, 86.8E -54.4 63.8 55.9S, 63.3E Wuchiapingian 260 - 255 255
Neospirifer (Q.) tibetensis Quadrospira tibetensis Bed 11, Qubu section, Mount Qomolangma region, Tibet, China 28.3N, 86.8E -54.4 63.8 55.9S, 63.3E Wuchiapingian 260 - 255 255
Neospirifer (Q.) sp. Quadrospira sp. Bed 7, Qubu section, Mount Qomolangma region, Tibet, China 28.3N, 86.8E -54.4 63.8 55.9S, 63.3E Wuchiapingian 260 - 255 255 Shen et al., 2003
Kaninospirifer crassicostatus Quadrospira crassicostatus Brunel Formation, Takitimu Group, New Zealand 45.8S, 167.8E -70.0 -160.1 69.2S, 160.8W Artinskian 285 - 275 280 Waterhouse, 1964, 1983, 2004, 2010
Kaninospirifer crassicostatus Quadrospira crassicostatus UQ L3725, Exmoor  Homestead, Bowen Basin, Queensland, Australia 21.0S, 148.2E -56.6 152.2 56.0S, 152.6E Artinskian 285 - 275 280
Trigonotreta australis Quadrospira sp. Rose's Pride Formation, southeast Bowen Basin, Queensland, Australia 25.3S, 150.3E -60.1 158.3 59.5S, 158.6E Artinskian 285 - 275 280 Waterhouse, 1987, 2010
1 In palaeolatitude, positive value indicates north hemisphere and negative one does south hemisphere. In palaeolongitude, positive value indicates east and negative one does west.
2 The calulation of palaeoposition from the locality in Li (2009) was corrected into 36.0N, 80.8E, based on faunal similarity.
149
(locality 9 in Fig. 7.3; Table 7.1). It is likely that this discrepancy is caused by the software 
built with insufficient data for northeastern Asia including this local area.
The depicted palaeolocations display the geographical distribution of each genus during 
the Permian (Fig. 7.3). From this map it is clear that the distribution of Kaninospirifer was
limited to the Kanin Peninsula, Russia, and, possibly, another two other localities in North 
China (Gansu and Inner Mongolia). Contrary to Kaninospirifer, Fasciculatia attained a much 
wide distribution, extending along the shelves of northwestern Pangea, as well as occurrences 
in the Permian Sino-Mongolian seaway (also see Shi, 2006, fig. 5). Under the post-Artinskian 
palaeogeographic condition, the Ural seaway (which was open during Asselian-Artinskian 
times when it connected northwestern Pangea with northeastern Asia) was already closed; it
is interesting, however, to note that these two regions shared the same species of these two 
genera despite their geographic separation in post-Artinskian times. This biogeographic 
connection is somewhat puzzling, but may be explained by assuming migration between the 
two regions along the shelves of northern Pangea from northwestern Pangea through Siberia, 
Verchoyansk, and Kolyma-Omolon, down to Inner Mongolia and Japan. Of course, this 
speculated migration could have taken place along the same route but in the opposite 
direction, that is, from eastern Pangea to northwestern Pangea. At present, it is not possible to 
verify this postulated marine migration route because of the lack of records of these taxa in 
the higher latitudinal localities in northern Pangea between the two regions. Likewise, we 
cannot rule out the possibility, albeit remote and less likely, that the migration and 
biogeographic exchange between northwestern Pangea and eastern/northeastern Pangea 
might also have occurred across the Panthalassa Ocean via either passive transoceanic 
transport or stepping-stone migration. Both of these teleplanic biogeographic dispersal 
mechanisms across large ocean basins are indeed rare for modern marine benthos, but they 
nevertheless occur from time to time (see for examples: Bryan et al. 2012; Nikula et al., 
2013).

151
During the Permian, as shown in Fig. 7.3, the palaeobiogeographical distributions of 
two other genera, Imperiospira and Quadrospira, were restricted to Australian Gondwana, 
the Cimmerian Terrane in the southern Palaeo-Tethys, and Oman on the northeastern edge of 
the African plate. By comparison, the distribution of Imperiospira was even more restricted, 
having only been recorded from Western Australia and India.
Despite their respective regional restrictions in distribution on a Permian global scale 
(Fig. 7.3), the palaeobiogeographical distributions of these four genera exhibit an interesting 
commonality characterised by their occurrences. All of them inhabited in mid-latitudinal 
marine waters during the Permian. Overall, the collective palaeolatitudinal distributional 
ranges of these four genera were mostly between 30° and 60° in each hemisphere, except for 
a few cases in Quadrospira (Fig. 7.3; Table 7.1). Of course, their detailed palaeolatitudinal
ranges in the two hemispheres do not coincide exactly. 
Three genera, Kaninospirifer, Fasciculatia, and Quadrospira have been commonly 
reported from the palaeolatitudinal regions between 35° and 40°, but, overall, the northern 
hemisphere genera occurred somewhat in lower palaeolatitudinal ranges than their 
counterparts in the southern hemisphere (Table 7.2). However, the hemispheric latitudinal 
difference does not necessarily imply real or significant environmental differences. Although 
northwestern Pangea and the northern part of the Sino-Korean platform were located at lower 
latitudinal regions than northern Gondwana during the Permian, it must be noted that the 
shelf waters of the northern hemisphere, especially northwestern Pangea and northeastern 
Asia, were open and directly connected to the Permian Arctic sea (Fig. 7.3). This means that 
these northern regions would have been constantly influenced by cold-water currents from 
the Permian Arctic sea. In contrast, the northern Gondwanan region, including Western 
Australia, Tibet, and India, was open and connected to the warm to warm-temperate Tethys 
Sea and was little influenced by cold water masses from the Permian high-latitudinal regions 
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of Gondwana. Therefore, taking into account both their palaeolatitudinal positions and 
palaeoceanographic conditions, it is plausible to assume a strong palaeoenvironmental 
similarity, especially seawater temperature, between the two inter-hemispheric regions where 
Kaninospirifer, Fasciculatia, and Imperiospira had occurred naturally, despite their 
difference in palaeolatitude. This interpretation is consistent with the similar carbon isotope 
values of brachiopod shells from both the Urals and Western Australia (Mii et al., 2011),
suggesting comparable seawater temperatures between these two regions. There is also 
independent evidence to support of the interpretation postulated here, from several previously 
reported Permian antitropical marine taxa from the middle to high latitudinal regions of both 
hemispheres (Shi and Grunt, 2000; Kossovaya, 2009; Reid and James, 2010).
Table 7.2. Palaeolatitudinal distribution of Kaninospirifer, Fasciculatia, Imperiospira, and 
Quadrospira during the Permian. The latitudinal range of Quadrospira would be more 
restricted (to  64°) if the unconfirmed reports from New Zealand (70.0°) are excluded.
Genus Latitudinal range Permian hemisphere
Kaninospirifer 34.2 ~ 36.0 ° N
Fasciculatia 26.1 ~ 43.5 ° N
Imperiospira 48.8 ~ 58.4 ° S
Quadrospira 35.0 ~ 63.3 (70.0)° S
Quadrospira was discovered from some regions that have been thought to be much 
colder, like eastern Australia and New Zealand (Shi and Waterhouse, 2010). It implies that 
this genus might have been more tolerant of cold-water environment than the other three 
genera. However, Quadrospira is mainly known from northern Gondwana and some Peri-
Gondwana terranes (e.g., Oman, Afghanistan, and Thailand) (Table 7.1), where warm 
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temperate conditions are known to have prevailed most of the time during the Permian 
(Metcalfe, 2002; Angiolini et al., 2003).
Assuming that the mid-latitudinal regions in both hemispheres had similar or 
comparable environmental conditions, a question then would arise about the origins of the 
four genera: where did their morphological similarities described above come from and how 
did they arise? Did all these genera originate from a last common ancestor, or were the 
similarities a result of convergent evolution under the influence of the same or similar 
environmental conditions?
7.3.3. Phylogenetic relationship and convergent evolution
The phylogenetic analyses in Chapter 6 provide an important clue for the phylogenetic 
relationships between these four genera. Regardless of the different MPT topologies 
produced by the three different analyses using different combination of characters (Figs.
7.4A-C), none is consistent with the notion that would recognise the Kaninospiriferinae (and 
Kaninospiriferidae) as a distinct congruent clade encompassing Kaninospirifer, Fasciculatia,
Imperiospira, and Quadrospira. Instead, all MPTs show that these four genera represent a 
polyphyletic group (Fig. 7.4). Further, it can be noted that the characters treated as typical 
features of these genera are not synapomorphies among the group, but they are homoplasies 
and plesiomorphies. In particular, the reduction of ventral adminicula (Character 7, state 0) 
occurred independently in Imperiospira and Kaninospirifer, and the acquisition of a large 
shell size (Character 24, state 1.995 and 1.949, respectively) also occurred independently in 
each branch (Figs. 7.4A-C). In addition, the feature of weakly developed fasciculation 
(Character 13, state 1) is an ancestral state common to the majority of trigonotretid genera, 
rather than a trait derived by the reduction from a strongly fasciculated ancestor, although it is 
ambiguous as to where the development of fascicles first arose on the trees (Figs. 7.4A-C).
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Figure 7.4. Results from phylogenetic analyses performed in Chapter 6. A-C, The most 
parsimonious trees from three datasets, both with and without inclusion of continuous 
characters. Blue bars indicate changes of state in numbered character: development of ventral 
adminicula (7), development of fascicles (13), and maximum size of shell (24). A, Strict 
consensus tree from the 13 most parsimonious trees generated when only discrete characters 
are included. B, strict consensus tree from the two most parsimonious trees generated when 
all discrete and six continuous characters (except Character 24) are included. C, single most 
parsimonious tree generated when all discrete and continuous characters are included. D,
symmetric resampling test with 20% change probability for 10,000 replications when all 
characters are included. Numbers above the branches indicate frequency difference (GC) 
values of resampling (Goloboff et al., 2003).
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Thus, the phylogenetic insignificance and independent derivation of the shared 
characters between the four genera strongly suggest that some of the similarities in shell 
morphology shared among the four genera appear to be a result of ‘convergent evolution’ in 
the sense of Arendt and Reznick (2008) and Scotland (2011). In this context, the 
morphological convergence could have been driven by the resemblance of their physical 
environments. As discussed in the previous section, the habitats that the taxa lived in were 
similar in their overall conditions, especially seawater temperatures. The relatively cold water 
temperature in the middle to high latitudinal regions of both hemispheres may have caused 
these animals to have attained large and thick shells, as commonly observed in both fossil and 
living marine invertebrates. 
Morphological convergence of certain Late Palaeozoic brachiopods between the two 
hemispheres has also recently been reported by Taboada and Shi (2011). They reported that a 
succession of morphological similarities appear to have evolved, independently and in 
isolation, among two closely related Levipustulini brachiopod lineages in two vastly separate 
but latitudinally comparable regions of the two hemispheres, northeast Asia in the northern 
hemisphere and Patagonia in the southern hemisphere. Taboada and Shi (2011) attributed this 
morphological convergence to a common deeper-time ancestry, followed by convergent 
evolution in geographically separate but ecologically compatible environments. Cohen et al. 
(2011) also showed morphological convergence in shell ornamentation of extant brachiopods. 
These examples of convergent evolution support the notion that similar morphological 
features among individuals with the same or different origins could be obtained due to similar 
environmental and ecological conditions, particularly in simple shell morphological attributes 
such as shell size, outline, ornamentation, as well as some internal structures. The revelation 
of convergent evolution in the fossil record also calls for caution to be exercised with respect 
to the recognition of true antitropicality. To this end, it is appropriate to conclude that the 
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morphological similarities between the four studied spiriferoidean brachiopod genera, 
Kaninospirifer, Fasciculatia, Imperiospira, and Quadrospira, cannot be regarded as a true 
representation of antitropicality; instead similar environmental conditions, especially in 
regard to water temperatures, may have played a significant role in driving and maintaining 
their morphological resemblances between isolated habitats.
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Chapter 8. A preliminary three-dimensional geometric morphometric study of 
the sulcal development in selected neospiriferin brachiopods
8.1. Introduction
To date, most of the morphological studies in both biology and palaeontology have
relied on the description and comparisons of qualitative morphological characters. In 
particular, traditional taxonomical classification, which is still commonly adopted in present-
day palaeontology, has been accomplished mainly through the qualitative description and 
comparisons of morphological shapes of fossil objects. Modern methodologies used to infer 
phylogenetic relationships among fossil taxa have also relied very heavily on the comparison 
of morphological characters, which in most cases have been mostly generated from 
qualitative characters. 
Quantitative data of morphological characters have been also used in some 
palaeontological studies, however they have largely been restricted to the use of some simple 
two-dimensional linear variables such as width, length, and thickness of fossil specimens 
(either whole or part) (Fig. 8.1). Particularly, as these linear variables were regarded as 
effective measures for the comparison of organisms in the middle of the 20th Century, 
morphometric approaches (mostly biometrics) based on variables began to enter 
palaeontology as a technique to recognise, quantify, and characterise ontogenic or 
heterocronic developments, intra- or inter-specific variations, and environmental factors 
causing morphological changes (Burma, 1948; Imbrie, 1956). With the advancement of 
information technology since the 1970s, increasingly sophisticated statistical methods and 
computer software have become available and applied in palaeobiology. As a result, the 
acquisition of simple morphometric data such as linear measurements of shell dimensions has 
become routine in various palaeontological studies. However, as explained in detail by 
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Zelditch et al. (2004), these kinds of measurement data have only limited utility as parameters 
for representing shape because these simple linear measurements provide little information 
about the shape itself, which is invariably three-dimensional in nature for most fossil remains. 
To address and overcome this limitation, a novel method for measuring and comparing the 
shape of biological objects through ‘landmark’ points, called geometric morphometrics, was 
proposed and progressively developed in the 1980-1990s (Bookstein, 1986, 1991). In 
particular, the last two decades have seen a rapid expansion and refinement of this new 
shape-analysis technique (Adams et al., 2004; Zelditch et al., 2004; Slice, 2007), along with 
increasing applications to fossil studies (Elewa, 2004; Hammer and Harper, 2006; Webster 
and Sheets, 2010).
Figure 8.1. Biometric measurements of shell morphology of a spiriferide brachiopod. W,
shell width; L, shell length; T, shell thickness; Aa, apical angle; Af, angle of anterior 
commissure; Au, angle of fold; H, Height of interarea.
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This chapter first briefly reviews the history of quantitative methodological applications 
to the study of brachiopod shell morphology, with special reference to geometric 
morphometrics. Recognising the considerable potential of this technique in studying 
brachiopod morphology, this chapter also demonstrates an example of landmark-based 
morphometrics to the study of Permian neospiriferin brachiopod shells using three-
dimensional (3D) surfaces scanning techniques, with a special interest in the variation of 
sulcal development. Although this is a preliminary attempt in using 3D surfaces datasets 
acquired from a relatively small number of brachiopod shells, the result is very promising and 
encouraging. It shows that there are considerable intraspecific variations in sulcal 
development and interspecific variations in shell outline among some Permian neospiriferin 
brachiopod species. Additionally, this pilot study also demonstrates the superiority of 3D 
geometric morphometrics over two-dimensional methods in characterising and distinguishing 
shape variations among closely related brachiopod species and genera.
8.2. Previous morphometric applications to brachiopods and their limitations
Interestingly, up until now morphometric research on brachiopod shells has been 
mainly confined to traditional methodologies. Traditional morphometric studies based on 
biometric measurement data of shell morphology, such as width, length, thickness, and angle 
of shell (whole or part) (Fig. 8.1), have occupied a large part of quantitative shape analysis of 
brachiopod shells and are still being commonly applied (e.g., Fagerstrom and Boellstorff, 
1964; Peck et al., 1987; Tort, 2003; Sohrabi and Jin, 2013). Even though geometric 
morphometrics have been widely used in various morphological analyses on many other 
fossil groups beyond traditional morphometrics, the application of geometric morphometrics 
to brachiopod shells has been very limited to date. 
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With the beginning of the 21st Century, some studies have begun to apply landmark-
based morphometrics to brachiopod shells. However, most of them have been applied not to
the entire shell, but to only partial internal structures (Haney et al., 2001; Tort and Laurin, 
2001; Tomošových et al., 2008). Similar developments are also evident in the morphometric 
studies of bivalve shells (Rufino et al., 2006; Wilk and Bieler, 2009; Márquez et al., 2010; 
Valladares et al., 2010). This tendency toward the focus on internal structures of shell instead 
of the whole shell is driven by two major obstacles to landmark-based analysis on external 
shells. First, it is difficult to find a sufficient number of distinct landmarks on the external 
shells of brachiopods and bivalves. Landmarks are defined as ‘discrete anatomical loci that 
can be recognised as the same loci in all specimens’ (Zelditch et al., 2004, p. 23). In 
brachiopods, as also true for bivalves, the number of these discrete anatomical loci on the 
external shell is very limited due to their relatively simple external shell structure. A few 
distinct anatomical loci, which include beaks of both valves, marginal points of the 
delthyrium, and the lateral margins of the hinge line (see Fig. 8.2), are good landmarks on the 
shell external surface and can be easily obtained. Other possible loci, such as lateral extremes, 
longitudinal endpoints, and some curvature points of the shell outline or commissure between 
two valves potentially can also be used, but they are generally too ambiguous to anatomically 
represent the same points among individuals. By contrast, interiors of brachiopod shells 
generally bear anatomically distinct structures, particularly features of the complicated 
cardinal structures that are related to valve articulation and muscle attachment on the
posterior part of the valve interior; these structures provide sufficiently discrete anatomical 
loci to be considered landmarks (Fig. 8.2). Second, brachiopods are generally composed of 
largely convex valves so it is difficult to project their landmarks onto a plane comprising only 
two dimensions. In modern geometric morphometrics, two-dimensional (2D) images 
(normally photographs) which represent only a side view of objects are generally used for the 
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acquisition of landmarks from the targeted objects. However, some objects with relatively 
high convexities, like brachiopod shells, can be imaged differently with their photographic 
orientation, which can cause a considerable distortion even prior to landmark pointing on the 
images. Furthermore, a plane view of a brachiopod shell does not contain sufficient 
morphological features to reflect its entire three-dimensional shell shape. Contrary to the 
external shell, 2D landmark pointing on the internal structures is less affected by the shell 
convexity because the main internal structures are usually limited and can be positioned on
the posterior part of the valve interior (Fig. 8.2). Despite this advantage, the landmarks of 
internal structures cannot be used alone for shape analysis of shells or substituted for external 
landmarks because most of the external morphological features are not directly related to the 
internal structures. 
Figure 8.2. Possible landmarks on dorsal interior of a spiriferide brachiopod. The landmarks 
are defined as follows: 1, posterior tip of ctenophoridium (cardinal process); 2, anterior tip of 
ctenophoridium; 3-4, lateral edges of ctenophoridium; 5-6, anterolateral tips of inner socket 
ridges; 7-8, lateral bases of inner socket ridges; 9-10, anterolateral edges of sockets; 11-12,
intersection points of posterolateral points of crural bases with inner socket ridges; 13-14,
posteromedian points of crural base.
Therefore, the challenges in applying landmark-based analysis to the study of shell 
shapes have resulted in few attempts to gather and analyse data on brachiopod external shell. 
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The first of these rare attempts was made by Laurin and David (1991), when they analysed
the morphological changes of two Jurassic rhynchonellid species by the application of 
landmark method, but it was confined to only 2D anterior view of shells. Later, Krause (2004)
analysed the morphological fidelity of external shells of an extant Terebratulide brachiopod 
species, using two sets of landmarks acquired from photographed images in two different 
orientations (dorsal and anterior views). This method could compensate for the information 
loss caused by the use of only one dimensional view and it was subsequently adopted in 
another morphometric study on Terebratula (Ruggiero et al., 2008). More recently, landmark 
analysis using 2D datasets obtained from multiple orientations of objects has been 
increasingly used for a range of brachiopod taxa (Fig. 8.3) (Bose et al., 2011; Tyler and 
Leighton, 2011; Bose, 2012).
Although these studies have presented a remarkable utility of geometric morphometrics 
even in shape analysis of brachiopod external shells beyond traditional qualitative and 
quantitative methods, its application based on 2D imaging data have been limited to a few 
brachiopod groups exhibiting only minor morphological variation with relatively flat valves. 
In fact, a large number of brachiopod groups present significant morphological variation,
particularly in convexity, apical curvature, development of sulcus (and fold), and commissure 
line, even within a single species. As discussed above, variation in these features makes it 
very difficult to determine standard orientations among specimens for their 2D imaging and 
landmark pointing. 
Further, it should be noted that uncertainty remains as to whether several landmarks 
applied in these previous studies are anatomically comparable among specimens. Krause 
(2004) subdivided his landmarks into true landmarks (Type I, homologous points) and 
pseudo-landmarks (Type II, geometrically same points), and regarded both of them as loci 
with morphologically equal values. (In the same sense, Points 2, 3, 7, and 8 in Fig. 8.3 are 
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true landmarks, whereas the remaining points are pseudo-landmarks.) However, the 
application of combined different types of landmarks as well as the use of anatomically 
ambiguous landmarks to shape analysis is still questionable (Bookstein, 1991; Zelditch et al., 
2004).
Figure 8.3. Possible landmarks on two-dimensional images from four different orientations 
of external shell of a spiriferide brachiopod. Four different orientations indicate the ventral 
(A), lateral (B), anterior (C), and dorsal (D) views. The landmarks are defined as follows: 1,
posteriormost point of ventral umbo; 2-3, cardinal extremities; 4-5, anterior tips on lateral 
slopes; 6, anterior tip of dorsal valve; 7-8, ventral and dorsal beaks; 9, posteriormost point of 
dorsal umbo; 10, maximum curvature point of ventral valve in lateral view; 11, ventral most 
point on sulcus in anterior view; 12-13, maximum curvature points on commissure between 
landmark 6 and lateral tips in anterior view.
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In order to overcome the significant limitations rendered in the use of 2D images, the 
present study adopts a recently developed technique, three-dimensional surface scanning, for 
the application of 3D geometric morphometrics. In addition, semilandmarks are employed for 
the replacement of anatomically ambiguous landmarks. 
8.3. Material and methods
8.3.1. Spiriferide brachiopods and sulcal development
Numerous brachiopod groups exhibit considerable intra- and inter-species 
morphological variations. Of these morphological variations, the differential development of 
the sulcus and fold has been widely noted in many articulated brachiopod groups including 
extinct spiriferide brachiopods. The development of the sulcus has been generally interpreted 
to reflect the efficiency of inhalant/exhalant currents (Emig, 1992). Moreover, the most recent 
studies on the function of sulcus development in spiriferide brachiopods suggested that the 
variably developed sulcus structure might be caused by the functional optimisation under 
diverse lotic environments in order to produce passive inflows through the sulcus gape and to 
generate feeding spiral flows along the spiralia within the shell (Shiino, 2010; Shiino and 
Kuwazuru, 2010, 2011). In spite of these studies on the function of the sulcus, detailed 
research about how the shape of a sulcus varies within a spiriferide species or how the shape 
of a shell outline is affected by the variation of its sulcal development has been seldom 
accomplished. 
Here we focus on the morphological variation of sulcal development in Fasciculatia 
striatoparadoxa (Toula, 1873), a common neospiriferin species in the Arctic regions during 
the Middle to Late Permian. This species demonstrates significant variation in the shape of 
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the sulcus. Two other species of the genus, Fasciculatia angulata (Waterhouse, 2004) and 
Fasciculatia groenwalli (Dunbar, 1962), both of Permian age, also bear a similar sulcal 
structure to that of Fasciculatia striatoparadoxa. According to our qualitative observation of 
these three species, their sulcal tongues can be largely divided into three types according to 
the degree of sulcal development: short tongue, long tongue, and geniculated tongue. 
Although the variation represented by these three types of sulcal tongue also causes a 
significant distinction among individuals in their three-dimensional shapes, two-dimensional 
views of the specimens do not distinctly express their morphological differences except for 
the longitudinal cross section (Fig. 8.4; also see Plates 1-4). Most interestingly, all these three 
types of sulcal tongue have been noted in a single species, Fasciculatia striatoparadoxa,
from several stratigraphic horizons in the Permian of Spitsbergen (this study) and East 
Greenland (Dunbar, 1955) regardless of the kinds of substrate, suggesting that the variation 
might be caused by micro-environmental factors. To this end, it is interesting to note, similar 
variations in sucal development also exist in Licharewia cf. L. grewingki (Netschajew, 1911) 
from the same region.
8.3.2. Studied brachiopod samples
In order to analyse the morphological variation of Fasciculatia striatoparadoxa in shell 
external outline as well as sulcal development, five brachiopod species that are available to 
the present author are selected. Except for the three species of Fasciculatia Waterhouse, 2004 
mentioned above, two other species from the Permian of Western Australia, Imperiospira
franzjosefi Archbold and Thomas, 1993 and Neospirifer amplus Archbold and Thomas, 1986
have also been included for comparison. All five species are located in the subfamily 
Neospiriferinae Waterhouse, 1968 and, in particular, the three species of Fasciculatia are also 
revised in the present thesis (see p. 222).
166
Figure 8.4. Variation in the sulcal development of Fasciculatia striatoparadoxa (Toula, 1873) 
and its allied species, showing three different types of sucal tongue in ventral, anterior, dorsal, 
and longitudinally cross-sectioned views. A, short sulcal tongue type; B, long sulcal tongue 
type; C, geniculated sulcal tongue type.
In total, fifty one individual specimens from these five species were prepared for 
landmark-based geometric morphometrics. As summarised in Table 8.1 below, there were 
sufficient specimens representing Fasciculatia striatoparadoxa included in this study, 
whereas the other four species each only had a few specimens available.
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Table 8.1. Brachiopod species and number of specimens included in this study. Numbers 
within brackets indicate the numbers of specimens digitised to obtain semilandmarks along 
the shell outline.
Species Locality No. specimen
Fasciculatia striatoparadoxa (Toula, 1873) Kapp Starostin Formation, Spitsbergen 38 (11)
F.asciculatia angulata (Waterhouse, 2004) Assistance Formation, Arctic Canada 5 (5)
Fasciculatia groenwalli (Dunbar, 1962) Kapp Starostin Formation, Spitsbergen 4 (2)
Imperiospira franzjosefi Archbold and Thomas, 1993 Wandagee Formation, Western Australia 2 (2)
Neospirifer amplus Archbold and Thomas, 1986 Wandagee Formation, Western Australia 2 (1)
8.3.3. Data collection
Three-dimensional surface scanning.
Two-dimensional datasets are adequate only for the representation of morphological 
variation of relatively flat objects, whereas three-dimensional datasets are required for 
specimens with high convexity as a third dimension. Nonetheless, landmark analysis using 
2D images for highly convex objects is common due to the relative easiness in obtaining 
measurements, and, as a consequence, many studies adopting 2D images for 3D objects have 
significantly relied on the alignment of the objects when the images are taken. Contrary to the 
2D method, the use of 3D coordinates in the measurements of objects is not affected by the 
alignment, and therefore, it guarantees more accurate outcomes in representing the 3D objects. 
The acquisition of 3D datasets requires several types of special devices for the measurements, 
which typically include a 3D digitizing stylus, a reflex microscope, an optical 3D surface 
scanner, and a computed tomographic scanner. The present study utilised the NextEngine 3D 
laser scanner at the Morphometrics Laboratory in the Department of Geoscience, University 
of Iowa, USA (Fig. 8.5A).
For the acquisition of high-resolution scanned data of brachiopod shell surfaces, all 
selected brachiopod specimens have been scanned with the laser scanner. The scanning for 
each specimen was performed in two orientations (horizontal and vertical) and the laser 
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projection was made with 12 rotation steps (every 30°) in each orientation. A complete 3D 
surface dataset of each specimen was then obtained by integrating data captured in two 
different orientations, and saved as a PLY file for the subsequent landmark/semilandmark-
acquisition process.
Figure 8.5. Overall process of three-dimensional geometric morphometrics from data 
collection (A-B) to analysis (C-D). A, digitization of brachiopod shell surface with a three-
dimensional laser scanner; B, acquisition of three-dimensional landmark/semilanmark 
coordinates using the software Landmark; C, superimposition through Procrustes analysis. 
The figure shows the Procrustes superimpositon of sulcus data set through the software 
Modan. Landmarks/semilandmarks of all objects are shown as small yellow dots, along with 
a mean shape of objects represented by the blue circles; D, shape analysis using ordination 
methods. The figure presents a principal components plot for the variation of sulcus shape 
using Modan.
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Selection and pointing of landmarks and semilandmarks
With the use of three dimensional datasets, this study employs another newly developed 
method for landmark-based analysis. Because anatomically distinct landmarks on brachiopod 
external shell surfaces are insufficient for the representation of shell shape, semilandmarks 
are used in place of ambiguous loci. Semilandmarks were defined originally in 2D 
coordinates by Bookstein (1997), as ‘a series of points that are located along a curve and 
treated as landmarks to define positions of the points along the curve’ for some objects which 
have an insufficient number of discrete landmarks to represent their shape, such as clams or 
skull vault. In recent years, the application of semilandmarks has been extended to surfaces in 
3D coordinates. In these 3D applications, semilandmarks refer to points that are free to slide 
on a surface and have served as a useful tool to provide the opportunity for the analysis of 
object surfaces (Gunz et al., 2005; Mitteroecker and Bookstein, 2008; Serb et al., 2011). In 
the present study, a number of semilandmarks were used to characterise the curved profiles of 
brachiopod shell surfaces. 
In summary, two landmarks (ventral beak and anterior tip of sulcal tongue on 
commissure) have been designated. Eighteen semilandmarks were acquired along the middle 
line of the sulcus and 40 additional semilandmarks were digitised along the curve connecting 
the commissure line and the upper boundary line of the ventral interarea (Fig. 8.6). 
After scanning, each dataset (PLY file) obtained from the 3D surfaces scanning was 
imported into a landmark-editing software, Landmark 3.6 
(www.idav.ucdavis.edu/research/EvoMorph), and the 3D coordinates of both landmarks and 
semilandmarks for each specimen were then digitised through this software (Figs. 8.5B, 8.6C) 
and saved as an output file in TPS format ready for the analysis step.
All scanned specimens have generally well-preserved sulcus structures, allowing the 
landmark/semilandmark digitisation along the middle longitudinal line of the sulcus (that is, 
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the line extending from the ventral beak along the floor of the sulcus to the anterior margin). 
However, although the sulcus is well preserved in the scanned specimens, more than half of 
them are incomplete shells which do not preserve the whole outline. As a consequence, we 
were only able to acquire semilandmarks representing shell outline (connecting the 
commissure line to the upper boundary line of the ventral interarea) from 21 individuals with 
nearly complete outlines (Table 8.1). 
Figure 8.6. Landmarks and semilandmarks applied in this study. A, black circles indicate the 
two landmarks and white circles represent the 18 semilandmarks along the longitudinal sulcal 
curve (blue curve); B, one landmark (black circle at the ventral beak) and 40 semilandmarks 
(white circles) along the curve connecting the commissure line and the upper boundary line 
of the ventral interarea (red curve); C, landmark/semilandmark pointing in Landmark; D,
landmarks and semilandmarks displayed in Modan.
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Finally, three separate landmarks/semilanmarks dataset files were created for the 
subsequent landmark-based analysis. These include a dataset file for sulcus shape, 
comprising 51 specimens; two landmarks and 18 semilandmarks (blue curve in Fig. 8.6A), a 
second dataset for shell outline consisting of 21 specimens; one landmark and 40 
semilandmarks (red curve in Fig. 8.6B), and a final integrated dataset combining the first two 
datasets, with 21 specimens; two landmarks and 58 semilandmarks.
8.3.4. Analytical methods
Each landmark/semilandmark coordinates set obtained from the 3D surfaces data of 
objects has been independently aligned through the generalized Procrustes superimposition 
(Fig. 8.5C). This mathematical operation involving translation, scaling, and rotation steps
allows us to match up shapes represented by the landmarks/semilandmarks prior to their 
comparison (Rohlf and Slice, 1990). Through the Procrustes superimposition, the size 
variable of each specimen is removed while keeping its shape constant. Instead, a ‘centroid 
size’ scaling the configuration of landmarks/semilandmarks is given to each specimen; the 
centroid size in this case is used as a descriptor or estimator of size (Rohlf and Bookstein, 
1990).
Following the Procrustes superimposition, two ordination methods were applied. A 
principal components analysis (PCA) which examines the overall variation in datasets was 
performed to each dataset for simplifying and visualising patterns of variation in sulcal 
development and shell outline shape within and amongst species (Fig. 8.5D). Then, a 
canonical variates analysis (CVA) was employed to analyse the sulcus dataset in order to 
evaluate the degree of distinction of the three types of sulcus recognised empirically as shown 
in Fig. 8.4 (CVA was not undertaken for the other two datasets because they do not provide 
sufficient number of individuals).
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The Procrustes superimpositions and principal components analyses have been 
performed in Modan 0.1.7 (http://code.google.com/p/modan/) (Figs. 8.5C-D), and the 
canonical variates analysis has been done through IBM SPSS Statistics.
8.4. Results and discussion
8.4.1. Intra- and inter-specific variation in the development of sulcus
Scores from principal components analysis (PCA) for sulcus shape are presented in Fig. 
8.7. The scatter plots from the PCA display considerable intraspecific variation in the sulcal 
development of Fasciculatia striatoparadoxa and allied species. The first three principal 
components (PCs) explain 94.34% of the total variance in sulcus shape (Table 8.2). PC1 
accounting for 78.40% of the total variance describes a pattern of relatively continuous 
variation in Fasciculatia striatoparadoxa, although the species forms a morphospace that 
leans towards positive values. The other two species of Fasciculatia also show more or less a 
wide variation along the axis of PC1. This shared pattern in exhibiting wide intraspecific 
variations among the three Fasciculatia species is also observed on the axes of PC2 
(accounting for 13.22% of the total variance) and PC3 (accounting for 2.72% of the total 
variance). The bivariate plots between two of the first three PCs do not show strong 
clustering of Fasciculatia striatoparadoxa which forms a relatively large morphospace (Figs. 
8.7A-B). In both plots, clusters of the other two Fasciculatia species show significant 
overlaps with the cluster of Fasciculatia striatoparadoxa. However, the morphospace of 
Fasiculatia angulata seldom overlaps with that of Fasciculatia groenwalli, suggesting 
possible morphological distinction in the sulcal development between these two species 
(although it needs to be noted that this distinction is based on a small number of specimens 
from each of these two species and therefore requires further testing with more material).
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Figure 8.7. Bivariate scatter plots of scores on the first three principal components (PCs) 
from principle component analysis for sulcus shape. Data are grouped by species (A-B) and 
types of sulcal tongue (C-D). PCs1 to 3 explain 78.40%, 13.22%, and 2.72%, respectively, of 
the total variation in sulcus shape.
Table 8.2. Eigen values and percentages of variance for the first five PCs from principle 
component analysis for sulcus shape.
PC Eigen value Variance Cumulative variance
1 0.01023 78.40% 78.40%
2 0.00172 13.22% 91.62%
3 0.00036 2.72% 94.34%
4 0.00023 1.79% 96.13%
5 0.00011 0.87% 97.00%
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On the other hand, the other two bivariate plots of the same PCA, plotted in the frame 
of different types of sulcal tongue, show a more interesting pattern in the morphospace (Figs. 
8.7C-D). In particular, Fasciculatia with the geniculated sulcal tongue forms a morphospace 
with strong negative values on PC1 axis and is distinctly separated from the morphospaces of 
Fasciculatia with the other two types of sulcal tongue, despite some degree of variation 
within each sulcal tongue type. The cluster of Fasciculatia with the long sulcal tongue partly 
overlaps with the cluster with the short sulcal tongue. Also, the former occupies the 
morphospace between the short sucal tongue and geniculated sulcal tongue types; this 
probably suggests that the long sulcal tongue type might be an intermediate morphology
between the short sulcal tongue and geniculated sulcal tongue types. 
The qualitative morphological grouping based on the types of sulcal tongue 
development is also tested through a canonical variates analysis (CVA) which allows the 
comparison of differences between group means. The bivariate plot between the first two CV 
axes, collectively explaining 97.90% of the total variance, confirms significant separation of 
the three groups recognised a priori on the basis of sulcal tongue types in Fasciculatia (Fig. 
8.8; Table 8.3), hence lending support to the demonstration of three separate sulcal tongue 
types identified by the PCA as shown in Figs. 8.7C-D.
Although only two individuals were available for this study, the scatter plots of 
Imperiospira franzjosefi in both the PCA and CVA do not show any particular strong and 
unique association with any of the sulcal tongue types of Fasciculatia, highlighting its 
considerable intraspecific variation in sulcus shape. One of the two specimens exhibits a 
close association to the short sulcal type of Fasciculatia, whereas the other aligns itself closer 
to the long sulcal type (Fig. 8.8). This disparity in sulcal development in a single species may 
suggest that the shape of sulcus is a rather variable feature for neospiriferin brachiopods.
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Figure 8.8. Bivariate scatter plots of scores on the first two axes from canonical variate 
analysis for sulcus shape. Data are grouped by types of sulcal tongue. CV axes 1 and 2 
explain 83.60% and 14.30%, respectively, of the amount of relative between-group variation.
Table 8.3. Eigen values and percentages of variance for the first three CVs from canonical 
variates analysis for sulcus shape.
CV Eigen value Variance Cumulative variance
1 25.310 83.60% 83.60%
2 4.329 14.30% 97.90%
3 0.641 2.10% 100.00%
Why the development of a sulcus is so variable in some neospiriferin brachiopods is 
unclear, but the fact that it occurs at both intra-species, inter-species as well as inter-genus 
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levels means that it is not a genus- nor species-bound morphological character; rather its 
strong variation may be a reflection of local environmental control. In particular, this 
variation can be explained with the result from an experimental work carried by Shiino and 
Kuwazuru (2010), who demonstrated that a strongly developed sulcus (corresponding to long 
and geniculated sulcal tongue types in this study) can generate stronger inhalant passive 
flows through the sulcus gape than a shallow sulcus (short sulcal tongue type) in some 
spiriferide brachiopods and therefore is more suitable for living in relatively quiet 
environments where water movement is slow. However, there are several other possible 
factors to affect the sulcal development, such as life postures of individuals and substrate 
conditions.
8.4.2. Relationship between sulcus development and shell outline
Scatter plots from PCA for shell outline display a different pattern from those for sulcus 
shape. The distribution of Fasciculatia striatoparadoxa and F. angulata along the axis of PC1, 
which accounts for 63.50% of the total variance (Table. 8.4), shows a clear separation. 
Fasciculatia groenwalli, on the one hand, is also clearly differentiated from F. angulata along 
PC1, but the morphospace of the former overlaps with that of F. striatoparadoxa along the 
same axis (Figs. 8.9A-B). Therefore, it appears evident that there is significant shape 
difference between Fasciculatia angulata and the other two species in shell outline even 
though their taxonomical classifications have been based on some characters which seem to 
be unrelated to the shape of shell outline, such as shell size and angularity of the sulcus. 
However, there is also a possibility that the interspecific variation in the shape of shell outline 
may be a reflection of allometry because Fasciculatia angulata is mostly smaller than the 
other two species in shell size.
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Figure 8.9. Bivariate scatter plots of scores on the first three PCs from principle components 
analysis for shell outline shape. Data are grouped by species (A-B) and types of sulcal tongue 
(C-D). PCs1 to 3 explain 63.50%, 11.58%, and 6.74%, respectively, of the total variation in 
shell outline shape.
Table 8.4. Eigen values and percentages of variance for the first five PCs from principle 
component analysis for shell outline shape.
PC Eigen value Variance Cumulative variance
1 0.02398 63.50% 63.50%
2 0.00437 11.58% 75.08%
3 0.00255 6.74% 81.82%
4 0.00153 4.04% 85.86%
5 0.00095 2.51% 88.37%
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Although represented by only two specimens, Fasciculatia groenwalli appears to show 
a close relationship with F. striatoparadoxa as indicated by their overlap in the morphospace 
(Figs. 8.9A-B). This seems to support the phylogenetic closeness between these two species 
which is explained as an anagenetic relationship in the present thesis (see p. 239).
The bivariate plots of PCA grouped by types of sulcal tongue show distinction among 
the three sulcal tongue types (Figs. 8.9C-D). Fasciculatia with a long sulcal tongue is mostly 
differentiated from that with a short sulcal tongue along the PC1 axis. However, this 
separation seems to be just a result of interspecific variation. In particular, the cluster toward 
negative values on the PC1 axis of long sulcal tongue type is entirely affected by the 
dominance of Fasciculatia angulata within the type group. On the other hand, relatively high 
positive values on the PC2 axis, which accounts for 11.58% of the total variance, seem to be 
related to the geniculation of the sulcal tongue (Fig. 8.9C).
In summary, the result of the PCA for shell outline shape indicates that there are 
significant distinctions between species in the shape of shell outline in spite of some degree 
of intraspecific variation demonstrated by different sulcal development. It also means that 
even significant variations in sulcal development do not necessarily amount to significant 
difference in the overall shape of the shell outlines, and therefore may not warrant the 
recognition of separate species. This observation is not only evident from the three 
Fasciculatia species studied here, but also true in Imperiospira franzjosefi, which shows a 
relatively wide range of variation in sulcal development but little change in its overall shell 
outline. Furthermore, both PCA scatter plots for the combined sulcus and shell outline dataset 
display a very similar pattern to those derived from the shell outline dataset (compare Fig. 8.9 
and Fig. 8.10; Table 8.5). This high congruence between the two datasets would suggest that 
shell shape is rather stable within a species, and barely affected by the highly variable sulcal 
development. This observation is at least true with respect to some neospiriferin species 
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Figure 8.10. Bivariate scatter plots of scores on the first three PCs from principle 
components analysis for combined whole shell shape (including both sulcus and shell outline 
data sets). Data are grouped by species (A-B) and types of sulcal tongue (C-D). PCs1 to 3 
explain 61.32%, 12.01%, and 6.46%, respectively, of the total variation in the shape of both 
outline and sulcus.
Table 8.5. Eigen values and percentages of variance for the first five PCs from principle 
component analysis for combined whole shell shape.
PC Eigen value Variance Cumulative variance
1 0.02719 61.32% 61.32%
2 0.00533 12.01% 73.33%
3 0.00286 6.46% 79.79%
4 0.00226 5.09% 84.88%
5 0.00144 3.25% 88.13%
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including the three Fasciculatia species and Imperiospira franzjosefi. The robustness of this 
conclusion, however, needs further testing because the present study has a heavy reliance on 
a large number of semilandmarks for the shell outline (40), compared to a small number of 
semilandmarks used for the sulcus (18).
8.5. Further work and prospects
The present study on the shape of some selected neospiriferin brachiopods clearly 
demonstrates significant intraspecific variation in the development of sulcus contrasted to the 
relatively stable morphology of shell outline within each species. This preliminary conclusion 
would benefit from some further studies and testing. First, the amount of error associated 
with data acquisition should be evaluated. Several kinds of error can occur from all stages 
during the acquisition of landmark/semilandmark, including the 3D surfaces scanning of 
objects, combination of surfaces data, and landmark/semilandmark digitisation of the object 
surfaces data. Generally, the error can be calculated through the replication of each data 
collecting process. Only when the measurement error is minor enough in comparison to the 
total morphological variability, can the results of analyses obtained from the datasets be 
interpreted and used with confidence. Secondly, the possibility of allometry in, at least, some 
brachiopods should be also considered. Although the size variable was removed in our study 
through the Procrustes superimposition, the effect of size-related variation on shell shape for 
brachiopods with allometric growth cannot be ruled out. Therefore, it is important to evaluate 
the proportion of the shape variation caused by size in order to remove the allometric effect, 
as demonstrated by Zelditch et al. (2004). Finally, the selection and handling of 
semilandmarks is also an important issue in modern geometric morphometrics. The present 
study did not adopt any weighting methods because we assumed that all landmarks and 
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semilandmarks selected and used here have equal significance in differentiating shell outline 
and sulcal types. However, whether this assumption stands true or not biologically and 
taxonomically needs to be tested with varying selections of alternative landmarks and 
semilandmarks.
Much of the progress of applying 3D geometric morphometrics to palaeontology has 
been hampered by the requirement of expensive instruments (e.g., 3D surface scanners) and 
software, as well as labour in the form of time consumption. These days, with the rapid 
advancement of digital technology, 3D geometric morphometrics has become a popular 
research tool for the study of fossil shapes. Increasingly, museums around the world have 
begun to construct 3D digitised fossil images and produce ‘virtual fossils’ that can be 
accessed on the World Wide Web. In this sense, 3D geometric morphometrics, as a new 
morphometric technique, will no doubt play a crucial role in the phylogeny, palaeoecology, 
and palaeobiogeography as well as in the taxonomy of fossil species.
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Chapter 9. Investigation of concealed brachiopod shell internal structures
through X-ray microtomography (XMT)
9.1. Introduction
As computed tomographical techniques have rapidly spread into various fields of 
scientific research in recent years, adaptation of X-ray microtomography (XMT) to fossil 
materials has also become popular and critical (Sutton, 2008). In particular, the propagation 
of synchrotron radiation X-ray tomographic microscopy (SRXTM) as well as of conventional 
X-ray scanner has enabled palaeontologists to observe details of fossil specimens fully 
embedded within rocks or internal structures of fossil shells and, additionally, to produce 
high-resolution three-dimensional (3D) reconstruction of these fossils without their 
destruction. With the improvement of X-ray tomographic technology, several computer 
software that support various data processing have also appeared, and these software allow 
palaeontologists to visualise dissection of the scanned specimen for any perspective and to 
reconstruct a 3D virtual fossil (Abel et al., 2012). As the result, an increasing body of 
literature has appeared in recent years that demonstrate the great utility of X-ray 
microtomography (XMT) to the study of both vertebrates and invertebrate fossils (e.g., 
Conroy and Vannier, 1984; Tafforeau et al., 2006; Lak et al., 2008; Curtin et al., 2012; Ni et 
al., 2012; Schmidt et al., 2012; Chatzimanolis et al., 2013; Zapalski and Dohnalik, 2013).
Brachiopods are marine sessile filter-feeding animals that have been common in marine 
environment since early Palaeozoic. The shell of brachiopod is composed of two valves, and 
the valves are commonly articulated even after death, transport, and deposition. Therefore, 
studies on shell internal structures of fossil brachiopods traditionally have relied on transverse 
serial sectioning of the shell, if any well-preserved disarticulated valve or internal mould is 
not available. However, the interpretation of brachiopod interiors solely based on transverse 
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serial sections should be cautioned due to their limitation that these sections normally provide 
two dimensional view only from one direction (St. Joseph, 1937; Westbroek, 1969; Sandy, 
1986; Williams, 2002) Additionally, serial sectioning is a destructive method because much 
of the original shell material is lost due to sectioning, polishing, and grinding. Although a 3D 
reconstruction of brachiopod internal structures using the traditional serial sectioning is 
possible and indeeds represents a major methodological advancement in the study of fossil 
brachiopods, as shown in several recent studies (Schemm-Gregory, 2010; Schemm-Gregory 
and Sutton, 2010), this method nevertheless still has to rely on the destructive method of shell 
sectioning, which is also very labour-intensive and hence time consuming.
In the last decade, X-ray tomographic technique was introduced to brachiopodologists 
as an alternative method. The application of XMT and SRXTM to brachiopod shells has been 
performed in order to characterise shell internal structures (e.g., Hagadorn et al., 2001; 
Pakhnevich, 2007, 2010; Motchurova-'HNRYDDQG+DUSHU%áDĪHMowski et al., 2011) 
and to ascertain shell punctation (e.g., Pakhnevich, 2008; Pérez-Huerta et al., 2009). Despite 
its potential great utility for the study of fossil brachiopods, the use of XMT and SRXTM in 
brachiopod taxonomy is still very limited. The reason for this is that this technique does not 
always generate high-resolution images of shell internal structures as the degree of image 
resolution very much depends on the composition and texture of the sedimentary rock in 
which the brachiopod shell is buried. In other words, the mineralogical and textural contrast 
between the brachiopod shell and the sediment matrix next to the shell is known to be a key 
factor affecting the resolution of the XMT images. Generally speaking, the greater the 
contrast between the shell and sediment matrix, the higher the resolution it would be 
(Angiolini et al., 2010; Motchurova-Dekova and Harper, 2010; Pakhnevich, 2010).
The efficiency and effectiveness of XMT in revealing brachiopod internal structures 
with respect to different shell materials and rock matrices has been experimented by 
Pakhnevich (2009, 2010). His studies showed that pyritised or silicified shells are usually 
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better discriminated from carbonate matrix. Angiolini et al. (2010) also revealed that 
brachiopod shells buried in and filled with sandstones provide distinct internal XMT images 
of brachiopods whereas most shells filled with micritic limestones do not. Still more recently, 
Motchurova-Dekova and Harper (2010) presented interesting results for two brachiopod 
specimens respectively filled with lime-grainstone and marlstone. Their SRXMT images of 
these two brachiopods demonstrate somewhat different outcomes to those shown by 
Angiolini et al. (2010), thus suggesting that the relationship between the degree of XMT
image resolution and the composition of the sediment matrix is not simple and that there 
might be other factors in play.
This study provides a detailed experimental and comparative XMT study of several 
brachiopods shells enclosed within different rock types. The primary aim is to compare the 
quality of XMT images of these different brachiopod shells with respect to their rock
matrices and thus to figure out which factors affect the resolution of brachiopod XMT images 
most.
9.2. Material and methods
9.2.1. Selection of specimens and X-ray microtomography 
In total, ten Palaeozoic (Devonian to Permian) brachiopod specimens were selected for 
the internal X-ray tomographic analysis. They were collected from seven different localities 
(horizons) each representing a distinct matrix facies (rock type). These localities include 
Australia, Timor, China, USA, Arctic Canada, and Spitsbergen. A preliminary classification 
of the brachiopod taxa for this study and a brief locality information for all scanned 
specimens is summarised in Table 9.1. All scanned specimens are stored in Neil Archbold 
Earth Sciences Research Laboratory at Deakin University, Melbourne, Australia.
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The XMT analysis of all materials was performed with SkyScan 1172 system at the 
Dental Research Institute of Seoul National University, Seoul, Korea. Brachiopod shells were 
scanned with beam energy of 78 – 100 keV and flux of 100 – 125 μA at detector resolution of 
26.98 – 34.58 μm per pixel, using a 0.5 mm Al filter. The projection was done for over 180°
with rotation step of 0.35 – 0.90°. The detailed XMT setting for each specimen is summarised 
in Table 9.2. The slicing images were analysed and obtained with the SkyScan software 
DataViewer, and the 3D models were acquired through the SkyScan software CTvox32. In 
addition, a detailed reconstruction of 3D internal structures was obtained only from the 
specimen of Timaniella harkeri (26406-2) which presents the best XMT result.
Table 9.1. Summary of brachiopod taxa and locality details of selected brachiopod specimens 
for the XMT analysis.
Table 9.2. XMT setting, rock type, mineralogical composition, and interpretation of scanned 
internal structures of studied brachiopod specimens.
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9.2.2. Thin sections and chemical composition
Apart from the microtomographic analysis, an additional brachiopod specimen was 
chosen from each fossil locality to study the similarity or difference in texture and mineral 
composition between the brachiopod shell and its infilling sediment matrix (i.e., sediment 
enclosed with the brachiopod shell). These selected additional specimens were embedded in 
pre-evacuated epoxy and then thin sectioned transversely parallel to the shell maximum width 
line multiple times at Korea University, Seoul, Korea. All thin sections were then examined 
lithologically under microscope to detail the mineralogical composition and texture of the 
brachiopod shells and enclosed sediment matrices. Additionally, chemical compositions of 
brachiopod shell and sediment matrix in each thin section were obtained using Energy 
Dispersal Spectrometry (EDS) at Korea Polar Research Institute, Incheon, Korea. Prior to the 
EDS analysis, thin sections were coated with carbon.
9.3. Results
9.3.1. XMT sliced images and basic three-dimensional (3D) models
Each result from the XMT analysis has been firstly examined as two dimensional (2D) 
sliced images through the DataViewer. Contrary to the traditional one directional serial 
sectioning method, the XMT result can be cut in three perpendicular planes (coronal, 
transverse, and sagittal planes) at any point of the shell interior at the same time, which 
allows the comparison of the same internal structures in different views. Subsequently, a 
three-dimensional (3D) model for each XMT result has been reconstructed using the software 
CTvox32. The reconstructed 3D models also contain both external and internal 
morphological features of the scanned brachiopod shells. The internal structures are visible 
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from the virtual slicing of the 3D models and also from the removal of outer shell through the 
transparent mode of the CTvox32. These structures were then compared with the 2D sliced 
images of shell interior obtained from the DataViewer.
Our XMT results display a wide spectrum of variation in image quality and resolution 
from very high visibility to non-recognition in the isolation of shell internal structures (Table 
9.2). The detailed description for each XMT result will follow, with its selected 2D sliced 
images and 3D models (Figs. 9.1-9.10). 
26406-1: Fasciculatia angulata (Waterhouse, 2004); Figs. 9.1, 10.3
The XMT result of Fasciculatia angulata presents relatively distinct inner structures in 
spite of its relatively low scanning resolution as a result of its large shell size (64 mm in the 
largest axis). Both its 2D sliced images and 3D transparent model show relatively well-
defined dental structures, especially the parts that display moderately high dental plates and 
strongly developed teeth (Figs. 9.1D-F, H, L-N, R, 10.3). Further, crura and spiralia in the 
dorsal interior are distinctly visible at least in the right side of shell: crura are slightly 
converging anteriorly, while spiralia are posterolaterally extending (Figs. 9.1F-P, R). A tiny 
ventral median septum, which was suggested as an important feature of the species by 
Waterhouse (2004), is also recognised in a coronal slice (Fig. 10.3C).
26406-2: Timaniella harkeri Waterhouse in Bamber and Waterhouse, 1971 ; Fig. 9.2
The X-ray scanning data of Timaniella harkeri provide the best illustrations in the
present XMT experiment. Its 2D sliced images present very sharp separation between the 
brachiopod shell and infilling matrix. As indicated in its taxonomic work (see p. 273), the
apical region of the ventral valve is strongly thickened by shell material and teeth are also 
largely thickened (Figs. 9.2C-E, O, R-T). The well-preserved spiralia with 17 whorls each 
side significantly extends the posterolateral dimension of the shell (Figs. 9.2D-J, M-W). The 
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spiralia are also distinctly visible in the 3D transparent model (Figs. 9.2AA-AB). Serial slices 
in the sagittal plane display that the shell material is strongly thickened in the posterior region 
of the ventral valve, but the dorsal valve and the anterior region of the ventral valve are much 
thinner (Figs. 9.2R-W).
BS-1: Spiriferina sp.; Fig. 9.3
The XMT result of Spiriferina sp. displays relatively well-recognised shell internal 
structures, although the boundary between shell internal wall and its infilling matrix is 
considerably blurred in the 2D sliced images. In particular, it is obvious in both 2D sliced 
images and 3D models that this specimen has strong teeth, relatively high dental plates 
composed of dorsally divergent dental flanges and subparallel ventral adminicula, and a 
relatively long median septum on the ventral floor (Figs. 9.3B-I, N-P, S, U-W). Additionally, 
several 2D sliced images (Figs. 9.3F, K, L, M-P) exhibit indistinct traces of spiralia, and the 
3D transparent model displays the morphology of spiralia more distinctly (Fig. 9.3S). Crura 
are shown parallel in a 2D sliced image (Fig. 9.3L), and saw-toothed structures on the crura 
are observed from a slice of the 3D model (Fig. 9.3Y).
BS-2: Stenoscisma timorense (Hayasaka and Gan, 1940); Fig. 9.4
The XMT 2D sliced images of Stenoscisma timorense show relatively distinct 
separation between the shell material and infilling matrix. Furthermore, a typical dental 
structure on the ventral floor of Stenoscisma Conrad, 1839, the so-called spondylium, is 
relatively well recognised in the 3D models (Figs. 9.4X, AA-AD) as well as in the 2D sliced 
images (Figs. 9.4B-F, K-P, T, U). However, no traces of dental structure are recognised from 
the dorsal floor in these images although the genus is said to have a very characteristic dorsal 
internal structure, the camarophorium.
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Q-1: Meekella sangzhiensis Liu and Zhao in Liu et al., 1982; Fig. 9.5
The XMT result of Meekella sangzhiensis is simply represented by the moderately 
visible boundary between shell interiors and infilling matrix. Particularly, the 2D sliced 
images display that the internal space enclosed within the two valves is covered mostly by a 
uniform colour (green), indicating that the material and texture of the infilling matrix might 
be very consistent. Only minor traces possibly representing the remains of closely spaced 
dental plates are weakly recognised at the interior of the ventral apical area (Figs. 9.5I-K, X).
The shell thickness seems to be relatively invariable regardless of the position.
Q-2: Tyloplecta nankingensis (Frech, 1911); Fig. 9.6
The XMT result of Tyloplecta nankingensis provides distinctly recognisable several 
internal features with a very thin-shelled appearance. The 2D sliced images clearly exhibit its 
dorsal internal structures consisting of a cardinal process (Figs. 9.6A-C, J), adductor 
platforms (Figs. 9.6D, E, L, M, P, Q), and a median septum (Figs. 9.6D, R). The 3D 
transparent model shows a well developed cardinal process with a weakly trifid form and 
laterally wide and thickened additional shafts (Figs. 9.6V). In addition, some traces of the 
muscle scars (probably adductors) are distinctly marked on the posterior of the ventral floor 
(Figs. 9.6D-I, P-R).
TeP: Tylothyris transversa Roberts, 1971; Fig. 9.7
The XMT 2D sliced images of Tylothyris transversa exhibit small traces of shell 
interior which can be hardly recognisable. The boundary between the shell interior and 
infilling matrix is recognised only at the posterior of the valves. The only recognisable 
internal structure is a small portion of spiralia which extends posterolaterally (Figs. 9.7E, F, 
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K-N, O-S). The spiralia are more distinctly identified from the 3D transparent model, 
especially on the right side of the shell (Fig. 9.7V).
CD: Cyrtospirifer whitneyi (Hall, 1858); Fig. 9.8
Although the XMT result of Cyrtospirifer whitneyi provides poorly-bounding borders 
between the brachiopod shell material and infilling matrix, it provides some distinct details of 
the internal structures. Both 2D sliced images and 3D models show the well-defined dental 
structure comprising dental flanges and ventral adminicula: the dental flanges are short and 
dorsally diverging, whilst the ventral adminicula are high and ventrally divergent (Figs. 9.8C-
F, L-P, S-U, AA, AD-AF). Interestingly, no traces of dorsal interiors are revealed.
3229: ?Indospirifer sp.; Fig. 9.9
The XMT result of ?Indospirifer sp. visualises several distinct internal structures, but 
these structures could be confused with some relatively large sediment particles contained in 
the filling matrix which appear to also include some broken brachiopod shelly materials. 
Nevertheless, its dental structure on the ventral floor is distinctly recognisable. The 2D sliced 
images and 3D transparent model undoubtedly show the highly developed subparallel dental 
plates (Figs. 9.9C-F, I-J, S, W). The XMT result also clearly presents a dorsally-convex large 
plate (Figs. 9.9F-H, K-O, P-T, Z). Although this large dorsal plate could represent a hinge 
plate, this interpretation is not confirmed as the plate is also connected laterally and anteriorly 
with some unidentified structures that possibly represent some broken shell fragments.
F8: Spiriferella loveni (Diener, 1903); Fig. 9.10
The XMT result of Spiriferella loveni does not provide any trace of internal shell 
structures in either 2D slices or 3D models, except for the vague border shown between the 
shell interior and infilling matrix.
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Figure 9.10. XMT result of Spiriferella loveni (Diener, 1903), F8, from the Kapp Starostin 
Formation in Spitsbergen. A-D, serial slices in the coronal plane (from posterior to anterior); 
E, serial slices in the sagittal plane (from lateral to middle); F, G, I, lateral, ventral, and 
posterior views of the reconstructed 3D model (external shell); H, ventral view of the 3D 
model in transparent mode; J-L, posterior views of the coronally sectioned 3D models.
9.3.2. Reconstruction of three-dimensional (3D) shell internal structure
XMT results which present a clear distinction between shell internal structures and 
infilling matrix also enable us to reconstruct three-dimensional (3D) shell internal structures. 
A reconstruction of 3D internal structure was accomplished with the XMT result of 
Timaniella harkeri (26406-2) (Figs. 9.11). This reconstruction displays a very realistic model 
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in which the details of shell interior can be examined as the actual shell form. Therefore, it is 
even more informative than the 2D XMT slices. Furthermore, this 3D reconstruction exhibits 
the valve articulation, muscle scars, and even striation and pits on the valve floor with high 
resolution, which are hardly recognisable in the 2D sliced images.
9.3.3. Chemical and mineralogical compositions of brachiopod shell and matrix
The detailed mineralogical/chemical compositions of the brachiopod shells and 
sediment matrix have been examined for seven specimens each with a distinct and obvious 
lithological composition. The mineralogical compositions of brachiopod shells are simply 
divided into carbonate and silicate, whereas the sediment matrix are grouped into six different 
rock types including sandstone, grainstone, wackestone, lime mudstone, wholly silicified 
rock, and carbonate/silicate mixture (Table 9.2). The details of each compositional 
association are described as follows.
Carbonate shell and sandstone matrix: 26406-1 and 26406-2; Fig. 9.12
Thin sections and EDS results of a specimen of Fasciculatia angulata (Waterhouse, 
2004) from the Assistance Formation in Grinnell Peninsula, Devon Island, Arctic Canada, 
show that the brachiopod shell is made up of well-preserved calcitic carbonate and is 
enclosed within a sandstone matrix. The thin sections display its relatively thin but highly 
dense brachiopod shell with fine sand grains (around 1/10 mm in diameter) enclosed by the 
brachiopod shell (Figs. 9.12A-B). Importantly, they also show a well-preserved spiralia that
are surrounded by the sand grains (Fig. 9.12A). The fine-grained sandstone matrix presents a 
relatively high porosity in the thin section (Fig. 9.12B). 
The EDS results indicate distinct differences in chemical composition between the 
brachiopod shell and the sediment matrix enclosed by the shell. The shell material is 
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predominantly composed of carbonates (Figs. 9.12C), whereas the enclosed sandstone 
consists mainly of silicates (Fig. 9.12D) with some iron oxides, probably hematite (Fig. 
9.12E). The spiralia buried within the sand grains are also mainly composed of carbonates, 
nearly identical to the shell material (Fig. 9.12F).
Carbonate shell and silicified matrix: BS-1 and BS-2; Fig. 9.13
This association of a carbonate brachiopod shell embedded in a silicified matrix is 
represented by a specimen of Stenoscisma timorense (Hayasaka and Gan, 1940) from the 
Maubisse Formation in West Timor. Its thin sections suggest that the mineral composition of 
the brachiopod shell wall has been significantly altered, as shown by the formation of a thin 
partially replaced outer layer and an underlying layer composed of coarse calcite crystals 
formed by recrystallisation (Figs. 9.13A-B). The sediment matrix enclosed by the shell has 
been completely replaced by silicates, most quartz grains (Figs. 9.13B). 
The EDS results of this specimen show that the shell material consists mainly of 
carbonates (Fig. 9.13C) and the matrix has been completely silicified (Fig. 9.13D). The 
partially replaced layer of the brachiopod shell is also composed predominantly of silicates 
(Fig. 9.13E).
Carbonate shell and grainstone matrix: F8; Fig. 9.14
Thin sections and EDS results for a ventral valve of Spiriferella loveni (Diener, 1903)
embedded in a bioclastic limestone of the Kapp Starostin Formation in Spitsbergen stand for
the type of a carbonate brachiopod shell enclosed in a grainstone matrix. The thin sections 
display a strongly thickened brachiopod shell enclosing a grainstone matrix mainly composed 
of assorted tiny brachiopod, bryozoan, and crinoids bioclasts as well as a considerable portion 
of silicate mineral grains (Figs. 9.14A-B).
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Figure 9.13. Carbonate brachiopod shell and completely silicified matrix (BS-1 and BS-2) 
represented by Stenoscisma timorense (Hayasaka and Gan, 1940) from the Maubisse
Formation in West Timor. A-B, thin sections. The orange arrows indicate thin outer layers of 
brachiopod shell and the blue arrows do coarse calcite crystals formed from the shell interior. 
A, a transversely cross-sectioned view of the articulated brachiopod shell with ventral in the 
upper part and dorsal valve in the lower part; B, micrograph of a thin section showing the 
texture of the recrystallised brachiopod shell wall and matrix enclosed within the shell; C-E,
chemical compositions. The red rectangles and arrowed spot indicate the area where EDS 
analysis has been performed. C, brachiopod shell area; D, matrix area; E, partly silicified 
region within brachiopod shell.
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Figure 9.14. Carbonate brachiopod shell and grainstone matrix (F8) represented by 
Spiriferella loveni (Diener, 1903) from the Kapp Starostin Formation in Western Spitsbergen. 
A-B, thin sections. The orange arrows indicate the brachiopod shell. A, a transversely cross-
sectioned view of the articulated brachiopod shell; B, micrograph of a thin section showing 
the texture and composition of the brachiopod shell and sediment grains enclosed within the 
shell; C-E, chemical compositions. The red rectangles and arrowed spot indicate the area 
where EDS analysis has been performed. C, brachiopod shell area; D, matrix area; E,
strongly siliceous clast (dark grey coloured) within matrix.
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According to the EDS results, the brachiopod shell is dominated by carbonates, 
supplemented by very minor portions of other elements (Fig. 9.14C). The composition of 
infilling sediments is also dominated by carbonates due to the inclusion of carbonate bioclasts, 
but it also contains a significant amount of silicate components, possibly sponge spicules (Fig. 
9.14D-E).
Carbonate shell and wackestone matrix: CD; Fig. 9.15
The association of carbonate brachiopod shell and wackestone matrix is represented by 
a specimen of Cyrtospirifer whitneyi (Hall, 1858) from the Lime Creek Formation in Iowa, 
USA. Its thin sections show that the shell is relatively thin even in the umbonal area of the 
ventral valve and that the infilling sedimentary matrix is dominated by micrite with a small 
portion of small shell fragments of crinoid stems and bivalves (Figs. 9.15A-B).
The chemical elements of the brachiopod shell indicate that it predominantly comprises 
carbonates without any silicification (Fig. 9.15C). The composition of the infilling matrix is 
also dominated by carbonate components although it also contains a range of silicate 
components (Fig. 9.15D).
Carbonate shell and lime mudstone matrix: 3229; Fig. 9.16
The association of carbonate shell and lime mudstone matrix is represented by a 
specimen of ?Indospirifer sp. probably collected from a Devonian stratum. According to its 
thin sections, the specimen has moderately thick shell and its internal cavity is predominantly 
occupied by muddy particles (Figs. 9.16A-B). Several coarse particles, which seem to be 
skeletal grains, are also observed among the muddy grains, but their identities have not been 
revealed.
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Figure 9.15. Carbonate brachiopod shell and wackestone matrix (CD) represented by 
Cyrtospirifer whitneyi (Hall, 1858) from the Lime Creek Formation in Iowa, USA. A-B, thin 
sections. The orange arrows indicate the brachiopod shell. A, a transversely cross-sectioned 
view of the articulated brachiopod shell with ventral in the upper part and dorsal valve in the 
lower part; B, micrograph of a thin section showing the texture and composition of the 
brachiopod shell and sediment grains enclosed within the shell; C-D, chemical compositions.
The red rectangles indicate the area where EDS analysis has been performed. C, brachiopod 
shell area; D, matrix area.
The EDS results indicate that the brachiopod shell mostly comprises carbonate (Fig. 
9.16C), whilst the matrix is mostly composed of muddy carbonate with a minor amount of 
other elements, such as Si, Al, and Fe (Fig. 9.16D).
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Figure 9.16. Carbonate brachiopod shell and lime mudstone matrix (3229) represented 
by ?Indospirifer sp. A-B, thin sections. The blue arrows indicate the brachiopod shell. A, a
transversely cross-sectioned view of the articulated brachiopod shell with ventral in the upper 
part and dorsal valve in the lower part; B, micrograph of a thin section showing the texture 
and composition of the brachiopod shell and sediment grains enclosed within the shell; C-D,
chemical compositions. The red rectangles indicate the area where EDS analysis has been 
performed. C, brachiopod shell area; D, matrix area.
Carbonate shell and carbonate-silicate mixture matrix: Tep; Fig. 9.17
Thin sections and EDS results for a specimen of Tylothyris transversa Roberts, 1971
from the Enga Sandstone, in Western Australia represent the association of a carbonate 
brachiopod shell with mixed carbonate-silicate matrix. The thin sections display a moderately 
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Figure 9.17. Carbonate brachiopod shell and carbonate-silicate mixture matrix (TeP)
represented by Tylothyris transversa Roberts, 1971 from the Enga Sandstone, in Western 
Australia. A-B, thin sections. The orange arrows indicate the brachiopod shell. A, a
transversely cross-sectioned view of the articulated brachiopod shell with ventral in the upper 
part and dorsal valve in the lower part; B, micrograph of a thin section showing the texture 
and composition of the brachiopod shell and sediment grains enclosed within the shell; C-D,
chemical compositions. The red rectangles indicate the area where EDS analysis has been 
performed. C, brachiopod shell area; D, matrix area.
thick brachiopod shell with infilling matrix composed of mud and relatively large, radially 
arranged crystals presumably formed through diagenesis (Figs. 9.17A-B).
The EDS results indicate that the brachiopod shell consists solely of carbonates (Fig. 
9.17C), whereas the matrix comprises both carbonate and silicate components (Fig. 9.17D).
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The relatively high percentage of non-carbonate elements in the matrix may suggest that the 
crystallized structures in the matrix may have derived from partial diagenetic silicification.
Both silicified shell and matrix: Q-1 and Q-2; Fig. 9.18
The association with both silicified brachiopod shell and infilling matrix is represented 
by a specimen of Meekella sangzhiensis Liu and Zhao in Liu et al., 1982 from the Qixia 
Formation, in Hunan, South China. Its thin sections show a relatively thin brachiopod shell 
with matrix composed of very fine particles. This matrix seems to have suffered from severe 
diagenetic alteration, forming a dark spherical core in the centre (Figs. 9.18A-B).
The EDS results for the specimen indicate that both the shell and matrix have been 
completely silicified (Figs. 9.18C-D).
9.4. Discussion
As already demonstrated, the quality of XMT results heavily depends on the 
preservational status and mineralogical composition of individual specimens and its enclosed 
sediment matrix. Therefore, it is difficult to simply generalise the efficiency and effectiveness 
of the XMT technology for brachiopod taxonomy. However, it is clear from this study that 
XMT is a very powerful tool to reveal brachiopod internal structures embedded in rocks 
without the need to cut and eventually destroy the rocks and fossils. Except for one XMT 
result, all other results achieved in this study have provided significant morphological 
information about their internal structures which otherwise would not have been possible to 
acquire unless sectioned (which would destroy the specimens). These results are certainly 
more informative than those from the traditional serial sectioning method, because they can 
provide two dimensional (2D) sliced images in various axial planes as well as 3D 
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Figure 9.18. Both silicified brachiopod shell and matrix (Q-1 and Q-2) represented by 
Meekella sangzhiensis Liu and Zhao in Liu et al., 1982 from the Qixia Formation, in Hunan, 
South China. A-B, thin sections. The orange arrows indicate the brachiopod shell. A, a
transversely cross-sectioned view of the articulated brachiopod shell with ventral in the upper 
part and dorsal valve in the lower part; B, micrograph of a thin section showing the texture 
and composition of the brachiopod shell and sediment grains enclosed within the shell; C-D,
chemical compositions. The red rectangles indicate the area where EDS analysis has been 
performed. C, brachiopod shell area; D, matrix area.
reconstructions. Particularly, in cases where there is sufficient contrast between the shell 
material and its infilling sediment matrix, the XMT results can produce outstanding high-
resolution 3D reconstructions of shell internal structures. In these cases, the high-resolution 
3D reconstructions would represent virtual replica of the original fossils, some of which are 
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so detailed that they even show the micro-ornamentation within the shell interior with very 
high resolution (Fig. 9.11).
In other case studies where the XMT results could not display a distinct contrast 
between the whole brachiopod shell and sediment matrix (Figs. 9.5, 9.7, 9.8), minor partial 
traces of shell structures still helped to identify the shell interiors. In particular, our XMT
results exhibit that internal structures in the posterior part of shell, commonly represented by 
dental and hinge structures, are traceable in most cases. As these internal structures are 
generally considered to be important characters in brachiopod taxonomy, the XMT results can 
thus play a significant role in identifying brachiopod species without destroying the 
specimens.
However, as presented above, not all brachiopod material would be suitable for XMT 
(and SRXMT) procedures. Two key factors need to be considered in selecting suitable 
material for study. First, the commonly used XMT device for brachiopod studies can only 
handle relatively small (< 40 mm in length of the largest axis) specimens. 
Secondly, there must be sufficient contrast between the brachiopod shell material and 
its infilling sediment matrix to warrant the production of high-resolution images and 3D 
reconstructions. As demonstrated here, the quality of the XMT in detecting and depicting 
brachiopod shell internal structures varies greatly, depending on mineral composition and 
texture of both the brachiopod shell and its infilling matrix (Table 9.2). Naturally, the contrast 
between a brachiopod and its infilling sediment matrix is highly variable and depends on both 
the mineral composition and texture of the brachiopod as well as of the matrix. Overall, this 
study shows a stronger distinction of shell internal structures from its infilling sediment 
matrix can be detected for brachiopod shells if their enclosed sediment matrix are composed 
of siliceous material (siliciclastic rocks or silicification of matrix). Of these materials, the 
association composed of carbonate brachiopod shell and fine sandstone matrix (Fig. 9.12) 
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produced the most clear distinctions in our XMT results (Figs. 9.1, 9.2, 9.11), which is 
consistent with the result of Angiolini et al. (2010). By contrast, the XMT outcomes from 
specimens with a high proportion of carbonate matrix exhibit a much weaker distinction, as 
has also been reported by several previous studies (Angiolini et al., 2010; Pakhnevich, 2010).
Particularly, the XMT result from Spiriferella loveni (F8) with infilling grainstone matrix (Fig. 
9.14) does not provide any trace of internal structure (Fig. 9.10). In general, it seems that the 
contrast between carbonate brachiopod shell structure and its sediment matrix increases as the 
proportion of coarse carbonate skeletal grains in the matrix decreases.
Of course, some other factors may also affect the quality of XMT results. For example, 
we have found that the diagenetic process involving both brachiopod shell and its sediment 
matrix appear to be significant in determining the quality of the XMT results. In nature, 
diagenetic alteration is a common feature of sedimentary rocks and enclosed fossil shells, 
although the degree of alteration may vary considerably from place to place. The analysis of 
thin sections in this study indicates that some of our specimens have suffered from significant 
diagenesis in the form of complete silicification, as seen in three thin sections (Figs. 9.13,
9.17, 9.18). Possibly up to five XMT brachiopod specimens (BS-1/2, Q-1/2, TeP) have been 
affected by the same type of diagenesis. However, despite all being affected by the same or 
similar type of diagenesis, these five specimens show different outcomes for internal shell 
structures judging from their XMT results. For example, Meekella sangzhiensis (Q-1) and
Tyloplecta nankingensis (Q-2) both have silicified brachiopod shells and sediment matrix and 
they were collected from the same horizon of the Qixia Formation. However, their XMT 
results are very different: the XMT result of Meekella sangzhi displays a weak distinction 
between shell interiors and matrix (Fig. 9.5), whereas that of Tyloplecta nankingensis exhibits 
a strong contrast (Fig. 9.6). This variability in the XMT contrast is also observed in 
Spiriferina sp. (BS-1) and Stenoscisma timorense (BS-2), both collected from the same 
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horizon of the Maubisse Formation in Timor (Figs. 9.3, 9.4). The reason for the influence on
XMT results exerted by diagenesis may be explained by the fact that a diagenetic alteration, 
such as silicification, of both the brachiopod shell structure and its infilling sediment could 
have changed the texture of these materials, leading to a significant change in the density 
between the shell material and its sediment matrix. This in turn would change the contrast 
between the brachiopod shell material and its sediment matrix.
In addition to diagenesis, another factor could also cause confusion or even mis-
interpretation from XMT results. This could occur where and when the infilling sediment 
matrix contains bioclastic materials that may look very similar to part of a brachiopod’s
internal structures in both its geometric form and mineralogical composition, as indeed in the
case of ?Indospirifer sp. (see Fig. 9.9). However, this potential risk is considered minor as it 
can be assessed and even, possibly, be eliminated by examining the detail the characteristics 
of these bioclasts including mineral composition, geometric outline and size, disposition 
within the sediment matrix with respect to the brachiopod shell outline.
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Chapter 10. Systematic palaeontology 
The supra-generic classification of brachiopoda adopted herein mainly follows Carter et 
al. (2006) for Spiriferida, Carter and Johnson (2006) for Spiriferinida, Savage et al. (2002) for 
Rhynchonellida, and Brunton et al. (2000) for Productida.
All registered brachiopod specimens are recorded with their measurement data in 
Appendix 2.
Phylum BRACHIOPODA Duméril, 1806
Subphylum RHYNCHONELLIFORMEA Williams et al., 1996
Class RHYNCHONELLATA Williams et al., 1996
Order SPIRIFERIDA Waagen, 1883
Suborder SPIRIFERIDINA Waagen, 1883
Superfamily SPIRIFEROIDEA King, 1846
Remarks. Since Carter et al. (1994) suggested a new taxonomic classification for the 
Spiriferoidea, several different schemes have been proposed by other authors (Poletaev, 1997; 
Kalashnikov, 1998; Waterhouse, 2004; Grunt, 2006). Of note is the new classification 
proposed by Waterhouse (2004), which is not only very different to that of Carter et al. (1994),
but also contained many new groupings and new taxa. Nevertheless, Waterhouse’s
classification has not been adopted in the revised brachiopod treatise (see Carter 2006a;
Gourvennec and Carter 2007), which basically followed Carter et al. (1994).
This thesis (Chapter 6) tested the phylogenetic relationship between a number of 
spiriferoidean genera through a cladistic analysis. Interestingly, the result obtained here does 
217 
not support any of the previously proposed classification schemes supposedly to also reflect 
the phylogeny of these genera. However, this preliminary cladistic study did not include all 
spiriferoidean genera due to the constraints in obtaining and representing sufficient character 
variables for all relevant genera, so it is premature to erect yet another classification based on 
the result from the preliminary cladistic analysis. Consequently, we have followed the 
classification of Carter et al. (1994) for the spiriferoidean genera described below.
Family TRIGONOTRETIDAE Schuchert, 1893
Subfamily NEOSPIRIFERINAE Waterhouse, 1968
Remarks. The systematic position of the Neospiriferinae has long been debated. The 
Neospiriferinae was originally designated within the Spiriferidae by Waterhouse (1968), but 
it was placed in the Trigonotretidae by Carter et al. (1994). More recently, Waterhouse (2004)
and Grunt (2006) removed the Neospiriferinae from the Trigonotretidae and suggested the 
independent Family Neospiriferidae. The difference in opinion has mainly come from 
different interpretations on the relationship between three representative genera, that is, 
Spirifer Sowerby, 1816 in 1815-1818, Neospirifer Frederiks, 1924, and Trigonotreta König, 
1825. Carter et al. (1994) regarded the development of fascicles on shell surface both in 
Neospirifer and Trigonotreta as a synapomorphy derived from Spirifer, in contrast to
Waterhouse (2004) who thought the acquisition of this feature occurred independently in the 
two stocks and, therefore, that the Neospirifer stock should be distinguished from 
Trigonotreta. Independently, Poletaev (1997) had also introduced a different classification in 
which neospiriferin genera of Carter et al. (1994) were distributed into these three groups. 
However, as pointed out by Waterhouse (2004), the classification of Poletaev (1997) was 
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based on a misunderstanding that Trigonotreta has well developed stegidial plates.
Interestingly, as discussed in Chapter 6, the result of our cladistic analysis does not 
distinguish the spiriferin taxa from the neospiriferins as a monophyletic group. On the other 
hand, the trigonotretins form a monophyly although it is uncertain how they are related to a 
large clade that includes the spiriferins, imbrexiids, and neospiriferins (Fig. 6.2).
Genus KANINOSPIRIFER Kulikov and Stepanov in Stepanov, Kulikov, and Sultanaev, 1975
Figures 7.1A-B, 7.2A-C
Type species. Spirifer kaninensis Licharew, 1943.
Diagnosis. Shell medium to large sized for subfamily, transverse, mostly with acute to 
slightly alate cardinal extremities. Sulcus distinct and moderately deep; fold usually rounded 
in cross section. Costae fine and uniform with rounded crest, forming fascicles distinct on 
umbonal area. Interarea low, delthyrium open; dental plates relatively low, with strong dental 
flanges, ventral adminicula absent or very shortly developed. Dorsal cardinal area with 
ctenophoridium, stout inner socket ridges and crural bases. Micro-ornamentation composed 
of well developed concentric lamellae. Shell thickness normally thick.
Remarks. Although Kaninospirifer was designated with well-preserved type material from 
Kanin Peninsula, Russia, the identity of the genus has been problematic due to the lack of 
knowledge about its internal structures. In particular, there has been confusion among some 
researchers about the development of dental plates (or lack of this feature) in Kaninospirifer.
In part, this could be related to the lack of a clear definition for the term ‘dental plates’, as 
noted above. When Licharew (1943) originally proposed Spirifer kaninensis, the type species 
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of Kaninospirifer, he described the dental plates as very faintly developed. This ambiguous 
description, accompanied by one poorly figured specimen showing the internal structures 
(Licharew, 1943, fig. 4), coupled with the lack of a precise definition of the term ‘dental 
plates’, subsequently led to improper comparison of S. kaninensis with other Spirifer species. 
For instance, Dunbar (1955) and Gobbett (1963) respectively compared S. kaninensis with S.
striatoparadoxus Toula, 1873 and S. striatoplicatus Gobbett, 1963, and commented that the 
former is similar to the latter two species in both internal structures and general appearance, 
although, in fact, the latter two species are quite different from the former in having strong 
dental plates with high ventral adminicula. As a result, following the introduction of 
Kaninospirifer Kulikov and Stepanov in Stepanov et al., 1975 with S. kaninensis as its type 
species, several researchers (e.g., Stepanov et al. 1975; Kalashnikov 1996, 1998; Grunt 2006) 
have assigned both S. striatoparadoxus and S. striatoplicatus to Kaninospirifer, emphasising 
the reduction of dental plates as a key diagnostic feature for the genus. On the other hand, 
Pavlova (1991) argued for the existence of robust dental plates for Kaninospirifer, but her 
conclusion was based on material assigned to Kaninospirifer from Mongolia rather than 
material from the type species. In revising the diagnosis for Kaninospirifer, Waterhouse 
(2004, p. 130) commented that this genus has low dental plates and short and moderately 
high ventral adminicula. In light of this amended definition, Waterhouse (2004, 2010) 
assigned several more species to Kaninospirifer.
Clearly, there is a need to clarify the details of the dental structure of Kaninospirifer
from its type material. Fortunately, for this study we have obtained well-illustrated images of 
topotype material from Dr Tatjana Grunt who visited the type locality and has briefly 
documented its brachiopod fauna (Grunt, 2006). It is based on our examination of this 
topotype material, supplemented by personal communications with Drs Ganelin and Grunt
that we have amended the diagnosis for Kaninospirifer as provided above. In essence, 
220 
Kaninospirifer is distinguished by its relatively low dental plates represented mainly by 
strong dental flanges with no or only weakly developed ventral adminicula (Figs. 7.2A-C).
Imperiospira Archbold and Thomas, 1993 has been commonly compared with 
Kaninospirifer in having reduced dental adminicula. However, Imperiospira is distinguished 
in having ventrally curved and anteriorly extended shell lateral margins as well as shortly 
developed dental flanges (Figs. 7.1E-F, 7.2G-I). Fasciculatia Waterhouse, 2004 which is also 
refined here has similar external features to Kaninospirifer, but Fasciculatia is different in 
both its strongly developed ventral adminicula and its fold with a sharp crest (Figs. 7.1C-D, 
7.2D-F; Plates 1-4).
With this amended diagnosis, the genus status of several species previously assigned to 
Kaninospirifer can be clarified. Contrary to most previous studies which placed Spirifer 
striatoparadoxus in Kaninospirifer (Pavlova, 1991; Kalashnikov, 1996, 1998; Waterhouse, 
2004; Grunt, 2006; Angiolini and Long, 2008), this species has strongly developed ventral 
adminicula (Figs. 7.2G-I) and hence should be placed in Fasciculatia, rather than 
Kaninospirifer. Likewise, S. striatoplicatus also belongs to Fasciculatia. Two species 
reported from Mongolia by Pavlova (1991), Kaninospirifer incertiplicatus Pavlova, 1991 and 
K. adpressum (Liu and Waterhouse, 1985), are also very different from the type species of 
Kaninospirifer in having well developed ventral adminicula and strongly thickened shell 
material, both indicating close affinity to Fasciculatia.
Waterhouse (2004, 2010) also assigned several South Hemisphere Permian species to 
Kaninospirifer, including K. costellinus Waterhouse, 2004 and K. crassicostatus (Waterhouse, 
1983), in light of his own revised characterisation of this genus. These species, however, 
display many features of Quadrospira Archbold, 1997, as indeed noted and discussed by
Waterhouse (2004, 2010), who nevertheless emphasised that typical Quadrospira has 
stronger fasciculation when compared to Kaninospirifer. Quadrospira is distinguished from 
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Kaninospirifer in having a quadrate outline, a fold with a sharp crest, and more distinctly 
developed ventral adminicula. It is of interest to note that the development of ventral 
adminicula in Quadrospira appears to bear no particular relationship to the development of 
its fasciculation. Therefore, the relatively weak fasciculation observed in these two species 
from South Hemisphere might be due to severe weathering on shell surface or interspecific 
variation within Quadrospira.
A re-examination of all the species so far assigned to Kaninospirifer, other than species 
reported from the type locality, indicates that only two of them seem to belong to this genus 
in light of the amended diagnosis herein given to the genus. These two species include
Kaninospirifer sp. from Inner Mongolia, northeast China (Shi et al., 2002) and K. kaninensis 
from Gansu Province, northwest China (Figs. 7.2A-B; Li, 2009). Both species exhibit a 
transverse outline, subdued fascicles, and relatively low and short ventral adminicula, all of 
which are also characteristics of the type material of Kaninospirifer kaninensis.
Some authors (Kalashnikov, 1996, 1998; Waterhouse, 2004, 2010; Grunt, 2006) have 
grouped several genera including Kaninospirifer, Imperiospira, and Quadrospira together in 
view of their shared subdued fasciculation and weak ventral adminicula, and placed them in 
Kaninospiriferinae. Additionally, these authors considered that this subfamily had evolved
from the lineage of Neospirifer. However, as discussed in Chapter 7, our phylogenetic 
analysis does not support this conclusion. Instead, the reconstructed phylogeny based on our 
cladistic analysis shows that the subfamily Kaninospiriferinae and its constituent genera are 
not immediately related to Neospirifer and its allied genera. This new result would therefore 
demand an alternative interpretation about the morphological similarity between the genera 
of the subfamily Kaninospiriferinae and Neospirifer and its allies. Morphological 
convergence is considered most likely the cause for the shared features.
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Species assigned. Kaninospirifer kaninensis (Licharew, 1943), K. borealis Kulikov and 
Stepanov in Stepanov, Kulikov, and Sultanaev, 1975, K. stepanovi Grunt, 2006,
Kaninospirifer sp. Shi et al. (2002).
Genus FASCICULATIA Waterhouse, 2004
2004 Fasciculatia Waterhouse, p. 95.
2004 Gobbettifera Waterhouse, p. 100.
Type species. Fasciculatia greenlandicus Waterhouse, 2004 (= Spirifer striatoparadoxus 
Toula, 1873)
Diagnosis. Shell large for subfamily and transverse. Cardinal extremities mostly acute in 
juvenile stage but variable in adults. Sulcus relatively distinct but variably developed; fold 
narrow with acute crest. Shell surface covered with numerous bifurcating uniform fine costae 
forming fascicles distinct on posterior part. Interarea normally low, delthyrium open or partly 
closed by small delthyrial plate; dental plates relatively high, composed of stout dental 
flanges and well developed ventral adminicula. Ventral muscle field longitudinally elliptical
to rounded, extending anteriorly to more than half of valve length. Dorsal cardinal area 
having ctenophoridium with thin inner socket ridges and crural bases; crural plates absent or 
very weakly developed. Micro-ornamentation composed of capillae and concentric lamellae. 
Shell thickness variable.
Remarks. The type material assigned as the type species of Fasciculatia was collected from 
northeastern Greenland and originally recognised as Spirifer striatoparadoxus Toula, 1873 by 
223 
Dunbar (1955). In erecting and characterising Fasciculatia as a new genus, Waterhouse (2004)
singled out one specimen (Dunbar, 1955, pl. 24, figs 4, 5; refigured by Waterhouse, 2004,
text-fig. 23) as the type for Fasciculatia greenlandicus Waterhouse, 2004. However, it should 
be noted that Dunbar’s original recognition of Spirifer striatoparadoxus was based on 
examination of more than 100 specimens and, accordingly, covered a wide range of 
intraspecific variation. This spectrum of intraspecific variation also seems to be consistent 
with other materials that have subsequently been assigned to Spirifer striatoparadoxus from 
other regions. The amended diagnosis for Fasciculatia provided above takes into 
consideration these intraspecific variations. Consequently, we consider that most materials 
originally assigned to S. striatoparadoxus from localities other than Greenland, including 
Spitsbergen, Canada, Russia, and China are valid.
On the other hand, some species here assigned to Fasciculatia had previously been 
incorrectly regarded as Kaninospirifer Kulikov and Stepanov in Stepanov et al., 1975. As 
already noted, Fasciculatia can be differentiated from Kaninospirifer by its sharp fold as well 
as its strongly developed ventral adminicula (Figs. 7.1 and 7.2), despite the fact that both
genera are relatively large in size and their shell ornamentation consists of numerous fine 
uniform costae forming relatively subdued fascicles. 
Fasciculatia also bears significant morphological similarities with Neospirifer
Frederiks, 1924, especially in terms of the presence of fascicles on shell surface. Following
Poletaev (1997)’s characterisation for Neospirifer, Fasciculatia may be distinguished from 
Neospirifer by its large shell, subdued fascicles, and enlarged ventral muscle field. 
Gypospirifer Cooper and Grant, 1976 resembles Fasciculatia in the transversely 
pentagonal outline and subdued fasciculation, but the former is distinguished in the rounded 
crest of its fold and distinct stegidia which are totally absent in the latter. Imperiospira 
Archbold and Thomas, 1993 and Quadrospira Archbold, 1997 are both very distinct from 
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Fasciculatia in having a quadrate outline and weakly developed dental plates (Figs. 7.1 and 
7.2).
Before Dunbar’s work published in 1955, several large Permian ‘Spirifer’ species from 
Pakistan and India, such as S. marcoui Waagen, 1883 and S. ravana Diener, 1897, had also 
been considered conspecific with Spirifer striatoparadoxus Toula. These species are 
comparable with Fasciculatia in size, outline and fasciculation. Unfortunately, the details of 
their internal structures remain poorly known, therefore hindering a proper comparison with 
Fasciculatia. Additionally, it should also be noted that S. marcoui and S. ravana have been 
assigned to two separate neospiriferin genera, Betaneospirifer Gatinaud, 1949 and 
Wadispirifer Waterhouse, 2004, respectively, by Waterhouse (2004).
Apart from the described Fasciculatia species below, Neospirifer adpressum Liu and 
Waterhouse, 1985 from Inner Mongolia, China and Kaninospirifer incertiplicatus Pavlova, 
1991 from South Mongolia are also assignable to the genus. These species are characterised 
by large size, subdued fascicles, and relatively high dental plates with well-developed ventral 
adminicula, all typical features of Fasciculatia. The deeply developed sulcal tongue and 
angular fold in N. adpressum is also commonly observed in other species of Fasciculatia.
Herein we also consider Gobbettifera Waterhouse, 2004 to be a subjective synonym of 
Fasciculatia because they share basically all fundamental and key morphological features, 
such as relatively large size, subpentagonal outline, a well-developed sharp fold, fine costae 
forming subdued fascicles, and well developed dental plates.
When proposing Fasiculatia, Waterhouse (2004) placed this genus into the 
Gypospiriferinae, along with Cartorhium, Gobbettifera, Gypospirifer, Lepidospirifer,
Ovispirifer, and Septospirifer, in view of their subdued fascicles, a feature Waterhouse (2004)
also considered to manifest strongly in the Spiriferinae. However, according to our cladistic 
analysis (Chapter 6), these Gypospiriferinae genera do not seem phylogenetically closely 
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related to the Spiriferinae, due to considerable differences and unidentified synapomorphies 
between these two subfamilies.
Species assigned. Fasciculatia striatoparadoxa (Toula, 1873), F. adpressa (Liu and 
Waterhouse, 1985), F. angulata (Waterhouse, 2004), F. groenwalli (Dunbar, 1962), and 
possibly F. incertiplicata (Pavlova, 1991).
Fasciculatia striatoparadoxa (Toula, 1873)
Figs. 7.2D-F, 10.2; Plate 1, Figures 1-8; Plate 2, Figures 1-7
1873 Spirifer striato-paradoxus Toula, p. 271, pl. 1, figs. 2a-c.
1875 Spirifer striato-paradoxus Toula, p. 254, pl. 8, fig. 1; refigured in Dunbar (1955, pl. 
28, fig. 1).
1914 Spirifer ravana Diener; Wiman, p. 43, pl. 5, figs. 17-19; pl. 6, figs. 1-2.
1914 Spirifer marcoui Waagen; Wiman, p. 44, pl. 6, figs. 3-7; pl. 7, figs. 9-11.
1916 Spirifer marcoui Waagen; Tschernyschew and Stepanov, p. 47, pl. 9, fig. 4.
1931 Spirifer cf. marcoui Waagen; Frebold, p. 16, pl. 4, fig. 2.
1931 Spirifer ravana Diener; Frebold, p. 39, pl. 4, figs. 1, 1a-b, pl. 5, fig. 1.
1937 Spirifer condor d’Orbigny; Stepanov, p. 141, pl. 7, fig. 3.
1937 Spirifer ravana Diener; Stepanov, p. 142, pl. 7, figs. 5-6.
1937 Spirifer cameratus Morton; Frebold, p. 48, pl. 2, fig. 3.
1955 Spirifer striato-paradoxus Toula; Dunbar, p. 131, pl. 23, figs. 1-7; pl. 24, figs. 1-5;
pl. 28, figs. 2-6.
1963 Spirifer striato-paradoxus Toula; Gobbett, p.134, pl. 18, fig. 2.
1968 Spirifer striato-paradoxus Toula; Logan and McGugan, p. 1136, pl. 143, figs. 7-8;
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pl. 144, figs. 1-13.
1971 Neospirifer cf. N. striatoparadoxus (Toula); Brabb and Grant, p. 17, pl. 2, figs. 12-
14.
1976 Neospirifer striato-paradoxus (Toula); Li and Gu, p. 286, pl. 176, figs. 1, 11.
1978 Neospirifer striato-paradoxus (Toula); Licharew and Kotlyar, pl. 18, fig. 1.
1980 Neospirifer striato-paradoxus (Toula); Li et al., p. 412, pl. 177, figs. 6, 9.
1985 Neospirifer sulcoprofundus Liu and Waterhouse, p. 35, pl. 9, figs. 5, 8, 11; pl. 10, 
figs. 2, 3, 6, 8; pl. 11, fig 5, 6, 9; pl. 12, figs. 1, 3; non pl. 11, figs. 2-3.
1992 Neospirifer striato-paradoxus (Toula); Nakamura et al., pl. 4, fig. 8, pl. 5, fig. 11.
2003 Neospirifer striato-paradoxus (Toula); Wang and Zhang, p. 145, pl. 36, figs. 1-4; pl. 
37 figs. 11-12.
2004 Fasciculatia greenlandicus Waterhouse, p. 96, text-fig. 23.
Nomenclature. When the present species was proposed by Toula (1873), it was named with 
words united by an hyphen, namely Spirifer striato-paradoxus. According to Article 32.5.2.3 
in ICZN (1999), the name should be corrected to Fasciculatia striatoparadoxa, together with 
the transfer of the species to Fasciculatia.
Neotype. Gobbett (1963) reported that the original type materials, collected from Sørkappøya, 
Spitsbergen and figured in Toula (1873), were missing, and therefore, he suggested a 
specimen figured in Toula (1875, pl. 8, fig. 1) as the lectotype. However, the chosen 
specimen cannot be the lectotype because it is not the syntype. Also, according to Gobbett 
(1963), no syntypes of Toula (1873) have remained; therefore, the specimen selected by 
Gobbett (1963) as the lectotype should be designated as the neotype. This neotype was 
collected from the North of Kapp Waern, Nordfjorden, Spitsbergen, and it is stored in the 
227 
Naturhistorisches Museum, Vienna (1875 XLI 24) (Gobbett, 1963, p.134).
Diagnosis. Shell very large, fasciculation restricted to umbonal area in adult stage. Sulcus 
relatively shallow and rounded, but having variably developed tongue, sometimes strongly 
geniculated. Shell material strongly thickened.
Material. Thirty three registered specimens (DUES-SL001~031, KOPRIF-SL001~002) 
including six conjoined shells, four internal moulds of conjoined shell, twenty ventral valves, 
a ventral internal mould, and two dorsal valves, with thirty unregistered fragmentary 
specimens, collected from the Trygghamna section (TF06), Festningen section (FF02, 03, 04, 
06, 08, 09, 10, 13, 14), Ahlstrandodden section (AF05-06), and Skansbukta section (SBF03).
Description. Shell large, commonly exceeding 100 mm in width, with maximum width of 
122.2 mm and length of 72.2 mm (Fig. 10.1). Outline generally transverse, pentagonal to star-
shaped, with width/length ratio ranging from 1.393 to 1.983; lateral profile subequally 
biconvex or slightly dorsibiconvex. Maximum width at hinge line or slightly anterior to hinge 
line. Cardinal extremities variable from rounded to slightly alate in adult stage, but mostly 
acute in juvenile. Costae fine, uniform, with rounded crest, commonly bifurcating, numbering 
six to eight in 10 mm at midvalve; fascicles weakly developed, restricted to umbonal region 
in adult stage but more extended anteriorly in juvenile, numbering four to five on each flank, 
each fascicle composed of two to four costae at umbonal area.
Ventral valve moderately convex, with maximum convexity at umbo. Sulcus relatively 
shallow and rounded, starting from beak, deepening anteriorly; sulcal tongue variably 
developed from short and shallow to long and deep, sometimes strongly geniculated dorsally,
but always forming strong V-shaped anterior commissure line with fold. Ventral interarea 
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Figure 10.1. Shell measurements of three Fasciculatia species. The measurement of 
Faciculatia angulata (Waterhouse, 2004) includes five specimens measured in Harker and 
Thorsteinsson (1960, p. 68).
normally low and apsacline, striated horizontally and vertically, bearing numerous fine 
denticles along hinge line. Delthyrium triangular with delthyrial angle of around 80°, open 
without any external delthyrial cover, but sometimes partly covered by small delthyrial plate.
Ventral interior with strong teeth and high dental plates; dental flanges large and 
strongly thickened, supported by relatively high and slightly diverging ventral adminicula; 
delthyrial plate absent or weakly developed with small apical callus. Ventral muscle area 
longitudinally elliptical to rounded, but variable in width, occupying more than a half of 
valve length, posteriorly surrounded by ventral adminicula and anteriorly bounded by distinct 
229 
but low thin rim; adductor scars narrow, vertically striated; didductor scars radially striated. 
Vascular markings radially developed around muscle area with numerous small pits.
Dorsal valve moderately convex, with maximum convexity at umbonal area. Fold 
distinct but relatively narrow and low, fold crest mostly angular, fold sometimes much shorter 
than valve length due to dorsiposteriorly geniculated sulcal tongue. Dorsal interarea very low, 
with horizontal and vertical striations. Dorsal interior with deep sockets opened laterally; 
ctenophoridium transversely elliptical, without elevation, bearing more than 30 platelets; 
inner socket ridges very thin; crural bases slender without crural plates.
Micro-ornamentation composed of very fine capillae and concentric lamellae (Figs.
10.2A-B); lamellae commonly distinct on anterior part of shell. Shell material strongly 
thickened, particularly exceeding 5 mm in vertical section at ventral umbonal area; secondary 
shell layer with numerous calcitic fibers (Figs. 10.2C-D).
Remarks. These large shells from Spitsbergen exhibit considerable variation between 
individuals, especially in the development of sulcus and outline of muscle area as well as in 
width/length ratio and shape of cardinal extremities. However, their similarities in the large 
shell size and fine costae forming subdued fascicles indicate that they are conspecific, albeit 
some gradual variations observed among the specimens studied. This spectrum of variation 
was also observed in Spirifer striatoparadoxus from Greenland by Dunbar (1955),
strengthening the rationale to group all these specimens into one species. Waterhouse (2004),
on the other hand, emphasised the differences between individual specimens, especially those 
between Greenland and Spitsbergen materials, and consequently placed the respective 
material in two different genera, Fasciculatia and Kaninospirifer. He thought that F. 
greenlandicus from Greenland has prominent fascicles and strongly developed dental plates,
in contrast to K. striatoparadoxus from Spitsbergen that is characterised by weaker fascicles 
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Figure 10.2. Shell micro-ornamentation and structure of Fasciculatia striatoparadoxa (Toula, 
1873). A-B, micro-ornamentation composed of very fine capillae and concentric lamellae. C-
D, secondary shell layer composed of numerous calcitic fibers.
and reduced dental plates. However, Waterhouse’s judgement was based only on limited 
material and hence lacked due consideration and allowance for intraspecific variation. In this 
study, we have examined all published and figured material from both Greenland and 
Spitsbergen, which confirmed that both species have strongly developed dental plates and 
share very similar costae in size and bifurcation pattern. The only possible difference between 
them is only faintly recognisable in the development of fascicles. The fascicles in the 
Greenland species are slightly more prominent and a little more extending anteriorly. We 
consider this difference insufficient to justify the creation of two different species.
Furthermore, this difference could have been caused by differential preservation, or a 
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reflection of a small difference in geological age between the Greenland and Spitsbergen 
materials (as the Greenland specimens are commonly thought to be slightly younger than the 
Spitsbergen material).
Since Toula (1873) first described Spirifer striatoparadoxus from Spitsbergen, this 
species has been reported from many Arctic and Northern Hemispheric localities including 
Alaska, China, and Russian Far East (see synonym list above). Additionally, N. 
sulcoprofundus Liu and Waterhouse, 1985 from the Zhesi Formation in Inner Mongolia 
(northeast China) is here synonymised with F. striatoparadoxa due to their similarities in 
most features, although the material figured was poorly preserved.
Quadrospira hardmani (Foord, 1890) from Western Australia resembles F. 
striatoparadoxa in its large size, subdued fascicles, prominent dental plates, and large muscle 
field, but the former is different in having a subquadrate outline, broader fascicles, and 
thickened overhanging ventral callosity observed in juveniles.
Angiolini and Long (2008) commented that the retigulated micro-ornamentation is
absent in Fasciculatia, but this is distinctive and well preserved in F. striatoparadoxa,
composed of capillae and concentric lamellae (Figs. 10.2A-B). The reason that the micro-
ornamentation is difficult to be observed in some specimens is related to a high degree of 
weathering as evident from specimens from the Kapp Starostin Formation in Spitsbergen. In 
most of these specimens the primary layer carrying all surface micro-ornamentation has been 
weathered out, leaving only the secondary fibrous layer observable (Figs. 10.2C-D).
Occurrence. Kapp Starostin Formation (Kungurian to Lopingian?) in Spitsbergen; 
Miseryfjellet Formation (Kungurian to Wordian) in Bjørnøya; Wegener Halvo Formation 
(Wuchiapingian) in east Greenland; Mowitch Formation (Roadian to Capitanian) in Sulphur 
River, Alberta, Canada; Tahkandit Formation (Roadian to Wordian) in Alaska, USA; 
232 
Chandalaz Formation (Capitanian) in Barabashevka River, Middle Chandalaz, Primorye, 
Russia Far East; Tumenling Formation (Wordian to Capitanian?) in Tumenling, Wuchang, 
Heilong-jiang Province, China; Zhesi Formation (Roadian to Capitanian) in Xiujimqinqi, 
Inner Mongolia, China.
Fasciculatia angulata (Waterhouse, 2004)
Figs. 7.1C-D, 9.1, 10.3; Plate 3, Figures 1-10; Plate 4, Figures. 4-9
1960 Spirifer striatoparadoxus Toula; Harker and Thorsteinsson, p. 67, pl. 19, figs. 1-7.
2004 Gobbettifera angulata Waterhouse, p. 102, text-figs. 24.6-7, 25.
Holotype. The type specimen (GSC 13748; Harker and Thorsteinsson, 1960, pl. 19, figs 1-3; 
Waterhouse 2004, text-figs 24.6-7) was originally designated as the holotype for Gobbettifera 
angulata by Waterhouse (2004). As Gobbettifera is synonimised with Fasciculatia here, the 
specimen now represents the holotype of F. angulata.
Diagnosis. Shell small for genus, with acute to mucronate cardinal extremeties. Sulcus deep 
and angular, mostly generating long tongue; fold relatively high. Fascicles weakly developed 
on beak to umbonal region. Ventral median septum present on posterior of floor. Shell 
material relatively thin.
Material. Six conjoined shells (GSC26406-SL001~006) from the GSC locality 26406.
Description. Shell large, ranging from 55.0 to 90.8 mm in width and 35.8 to 47.0 mm in 
length (Fig. 10.1). Outline subpentagonal but variably transverse, with width/length ratio 
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ranging from 1.341 to 2.093; lateral profile subequally biconvex. Maximum width mostly at 
hinge line; cardinal extremities normally mucronate, but alate in strongly transverse shell. 
Costae fine, uniform, with rounded crest, commonly bifurcating, numbering eight to ten in 10 
mm at midvalve; fascicles developed only on beak to umbonal region, numbering three or 
four on each flank, each one formed with maximum four costae at umbonal area; concentric 
lamellae present, especially distinct on anterior part of shell.
Ventral valve moderately convex, with maximum convexity at umbo. Sulcus mostly 
deep and angular, originating from beak, deepening anteriorly; sulcal tongue normally long, 
but relatively short and strongly geniculated in strongly transverse specimens, forming strong 
V-shaped anterior commissure line with fold. Ventral interarea low and slightly apsacline, 
with transverse and vertical striations. Delthyrium open and triangular with delthyrial angle 
between 60 and 70°. 
Ventral interior with strong teeth and highly developed dental plates; dental flanges 
large and stout; ventral adminicula relatively high and short, slightly diverging anteriorly; 
apical callus weakly developed; median septum shortly developed on posterior of ventral 
floor (Fig. 10.3).
Dorsal valve moderately convex, with maximum convexity at umbonal area. Fold 
distinct and highly developed with very angular crest, but relatively low in strongly 
transverse shell. Dorsal interarea low, with same striations as those of ventral. Dorsal interior 
with thin crural bases diverging laterally without crural plates; spiralia developed 
posterolaterally, with around 25 whorls in each side (Figs. 9.1, 10.3).
Micro-ornamentation and muscle field not preserved. Shell material weakly thickened.
Remarks. Fasciculatia angulata was considered conspecific with F. striatoparadoxa from 
Greenland and Spitsbergen by Harker and Thorsteinsson (1960). Later their differences were 
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Figure 10.3. Transverse serial sections of Fasciculatia angulata (Waterhouse, 2004). They 
were taken by slicing a 3D model reconstructed from X-ray microtomographic images of 
GSC26406-SL006 in the CTVox32. ms, ventral median septum; va, ventral adminicula; df,
dental flanges; sp, spiralia.
recognised by Dunbar (1962, p. 10), but the detailed comparison was not provided. 
Waterhouse (2004) proposed the present species under Gobbettifera based on the materials in 
Harker and Thorsteinsson (1960) and additional specimens from the same locality. As 
discussed above, Gobbettifera is regarded as a synonym of Fasciculatia, but ‘Gobbettifera’
angulata Waterhouse is valid as a species.
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Fasciculatia angulata can be easily differentiated from F. striatoparadoxa by its thin 
shell, its relatively small size, mucronate cardinal extremities, a deep angular suclus, and the 
presence of a ventral median septum. The ventral median septum which was regarded as a 
typical feature of Gobbettifera by Waterhouse (2004) is also observed in our specimen,
though somewhat indistinct (Fig. 10.3B-C). It is possible that the weakly developed median 
septum may represent the internal reflection of the angular sulcus on the ventral floor.
All materials assigned to F. angulata so far were collected from only one locality (GSC 
locality 26406) in the Grinnell Peninsula of Devon Island (Arctic Canada). This location was 
palaeogeographically surrounded by localities with F. striatoparadoxa. This 
palaeogeographical pattern could suggest that the former might be an endemic species closely 
related to the latter. However, there is still a possibility that F. angulata evolved from a quite
different group. Harker and Thorsteinsson (1960) described an arched deltidium that partly 
closed the delthyrium in the species, although delthyrial covering was not recognised by 
Waterhouse (2004), nor from our collection. Therefore, we suggest that future work should 
investigate the details of micro-ornamentation of F. angulata in order to unravel its origin and 
phylogenetic relationships with morphologically similar spiriferid genera.
The wide range of morphological variations in F. angulata may also point to possible 
dimorphism in this species. Strongly transverse shells, particularly those with width/length 
ratio exceeding 2.0, tend to have alate cardinal extremeties, a short and strongly geniculated 
sulcal tongue and relatively low fold (Plate 4, figs. 4-5). These shells contrast strongly
weakly transverse shells that are characterised by mucronate cardinal extremeties, long and 
gently curved sulcal tongue and a highly developed fold (Plate 3, figs. 1-10; Plate 4, figs. 6-9).
This separation into two distinct morphotypes within the same population of F. angulata 
might be interpreted as a sexual dimorphism. Interestingly, Ferguson (1969) had presented a 
possible sexual dimorphism in the Permian productid genus Megousia Muir-Wood and 
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Cooper, 1960 based on the existence of brood pouches at ears of valves, although, on the 
other hand, Hoffmann and Lüter (2009) showed that there is no difference between male and 
female brachiopods in shell morphology of living thecideide brachiopods.
Occurrence. Assistance Formation (Roadian) at Lyall River, Grinnell Peninsula, Devon 
Island, Canadian Arctic Archipelago.
Fasciculatia groenwalli (Dunbar, 1962)
Plate 4, Figures 1-3
1875 Spirifer cameratus Morton; Toula, p. 240, pl. 7, figs. 3a-b.
1950 Spirifer ravana Diener; Frebold, p. 57, pl. 4, figs. 3, 3a, 6.
1950 Spirifer cf. moosakhailensis Davids; Frebold, p. 60, pl. 4, figs. 1-1a.
1962 Neospirifer grönwalli Dunbar, p. 9, pl. 2, figs. 6-8.
1963 Spirifer striato-plicatus Gobbett, p. 136, pl. 17, figs. 7-9; pl. 18, fig. 1.
1971 Neospirifer cf N. groenwalli Dunbar; Stehli and Grant, p. 517, pl. 65, figs. 37-41.
non 1974 Neospirifer grönwalli Dunbar, Kulikov, p. 98, pl. 6, figs. 3a-b.
1986 Neospirifer cf. fasciger (Keyserling); Kalashnikov, pl. 116, figs. 6a-b.
1998 Neospirifer subfasciger (Licharew); Kalashnikov, p. 48, pl. 11, figs. 3, 5a-b, 6.
2008 Fasciculatia striatoplicata (Gobbett); Angiolini and Long, p. 93, figs. 8A-B, G-H; 
non fig. 8F.
Nomenclature. This species was originally proposed by Dunbar (1962) as Neospirifer 
grönwalli containing a diacritic mark, but Stehli and Grant (1971) corrected it to Neospirifer 
groenwalli according to Article 32.5.2.1 in ICZN (1999).
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Holotype. According to Dunbar (1962), the type specimen was collected from Profile G 
(Horizon G 300) belonging to the Kim Fjelde Formation in Amdrup Land, northeast 
Greenland, but no specific fossil registration number was given to the holotype, nor any 
information about its depository.
Material. A conjoined shell (DUES-SL032) from the Trygghamna section (TF01), with a few 
shell fragments from the Festningen section (FF01).
Diagnosis. Shell moderate in size for genus, with angular fold and subangular sulcus 
normally having well developed sulcal tongue. Fasciculation distinct for genus, extending to 
anterior to umbonal region, but weaker anteriorly, never reaching to anterior end of valve. 
Shell material strongly thickened, particularly in umbonal area.
Description. Shell large, 90 mm wide and 53.9 mm long as measured from one complete 
specimen (Fig. 10.1). Outline transverse, pentagonal shaped, with greatest width at slightly 
anterior to hinge line; lateral profile equally biconvex. Hinge line slightly narrower than 
maximum width, with relatively rounded cardinal extremities. Costae fine, slightly convex, 
subequal in width, commonly bifurcating, having rounded crest, numbering eight to ten in 10 
mm at midvalve; fascicles distinct but weakened anteriorly, not reaching to anterior end of 
valve, more distinct closer to sulcus or fold, numbering normally four on each flank, each one 
formed of three to five costae at umbonal area; concentric lamellae distinct on anterior end of 
shell.
Ventral valve moderately convex, with maximum convexity at umbo. Sulcus 
moderately deep and subangular, starting near beak, anteriorly broadening and deepening; 
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sulcal tongue relatively broad and long, forming strong V-shaped anterior commissure line 
with fold. Ventral interarea low and apsacline, striated horizontally and vertically.
Dorsal valve moderately convex, with maximum convexity at umbo. Fold distinct, with 
sharp and high crest. Dorsal interarea very low, with horizontal and vertical striations.
Shell material strongly thickened, especially at ventral umbonal region.
Remarks. Dunbar (1962) originally proposed Neospirifer groenwalli with materials from the
Kim Fjelde Formation in Amdrup Land located close to Spitsbergen. Later, Gobbett (1963)
suggested another new species, Spirifer striatoplicata, for specimens from Spitsbergen and 
Bjørnøya. However, after examining and comparing the descriptions and illustrations of both 
Dunbar and Gobbett’s materials, we conclude that these two species are conspecific, with 
Neospirifer groenwalli Dunbar taking the priority. It is likely that Gobbett was not aware of 
Dunbar’s publication at the time when he was proposing his own new species Spirifer 
striatoplicatus.
Although F. groenwalli is distinguished from F. striatoparadoxa in having somewhat 
convex costae forming distinctly developed fascicles, they are very similar in all other 
features. Gobbett (1963) reported other differences between them, such as a rounded ventral 
muscle field and relatively short dental plates in the former. However, these internal features 
are often observed only in relatively small specimens of F. striatoparadoxa. This may suggest
that the differences in the ventral interior reflect ontogenetic changes or intraspecific 
variation in both species, which cannot be taken as a criterion in distinguishing two species. 
The description of F. striatoplicata in Angiolini and Long (2008) also indicates that these two 
species have nearly identical ventral internal structures. In addition, several juvenile materials 
of F. striatoparadoxa from our collection have more distinctly developed and anteriorly 
extending fascicles than the adult ones, similar to those in the adult material of F. groenwalli.
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Further, these two species occurred successively from the Kapp Starostin Formation in 
Spitsbergen, with F. groenwalli restricted to the Vøringen Member and F. striatoparadoxa 
from the succeeding upper horizons. (Nakamura et al. (1992) reported F. stiratoparadoxa 
only from the Hovtinden Member of the Kapp Starostin Formation, but we have also found 
this species from the Svenskeegga Member.) Thus, it appears that there is an expression of 
anagenesis from F. groenwalli to F. striatoparadoxa. The close relationship between the two 
species also suggests that shell ornamentation forming fascicles is a highly variable feature 
and therefore cannot be replied upon as a key diagnostic indicator to separate different 
neospiriferin genera. Accordingly, it is possible that taxa with weak fasciculation might have 
independently evolved from diverse neospiriferin groups which originally had distinct 
fascicles as an evolutionary trait during the Permian.
The distinct fascicles extending anteriorly in F. groenwalli seem to be comparable with 
those of Neospirifer species, therefore explaining why F. groenwalli was placed in 
Neospirifer by some authors (see synonymy list). However, the present species is different 
from typical Neospirifer in the details of fascicle development. Fasciculation is well 
developed in both groups on the posterior part of their shells, but fascicles in F. groenwalli
are weakened anteriorly, never reaching to anterior end of shell. Further, each fascicle in F. 
groenwalli is composed of smaller numbers of costae (three to five), compared to fascicles 
composed typically of five to nine costae in Neospirifer (Archbold and Thomas, 1984; 
Poletaev, 1997). Of numerous Neospirifer species, N. subfasciger (Licharew, 1934) has its
fascicles most similar to F. groenwalli in that they are relatively subdued and consist of four 
to five costae, but the fascicles in N. subfasciger normally extend to the anterior end of shell. 
Additionally, N. subfasciger is much smaller when compared to F. groenwalli, with a 
proportionately small muscle field. Neospirifer subfasciger reported from North Timan
(Kalashnikov 1998, figs 5a-b) is here placed as a synonym of F. groenwalli because its 
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fascicles do not extend to the anterior end. Judging from its strongly developed fascicles 
consisting of eight costae and reaching to the anterior tip, F. striatoplicata from Spitsbergen 
(Angiolini and Long, 2008, fig. 8F) is best to be placed in Neospirifer.
Meanwhile, Kulikov (1974) assigned a ventral valve from the Permian Pechora Basin 
in Russia to Neospirifer groenwalli Dunbar, but this specimen does not show distinct 
fasciculations even on the umbonal area, which indicates its affinity to other spiriferid genera. 
Fasciculatia angulata resembles F. groenwalli in the subpentagonal outline, relatively 
angular sulcus, and strongly developed dental plates, but the former differs in having 
mucronate cardinal extremities and thin and smaller shells as well as weakly developed 
fascicles.
Occurrence. Kim Fjelde Formation (Artinskian to Capitanina) in Amdrup Land, northeast 
Greenland; Vøringen Member (Artinskian to Kungurian) of the Kapp Starostin Formation in 
Spitsbergen; Miseryfjellet Formation (Kungurian to Wordian) in Bjørnøya; Sabine Bay 
Formation (Kungurian) in Svartevaeg Cliff at Axel Heiberg Island, Canada; Indiga River 
(Cisuralian), North Timan, Russia.
Family SPIRIFERELLIDAE Waterhouse, 1968
Remarks. Spiriferellids have long been recognised owing to their distinctive morphology, 
wide distribution, and abundance during the Late Palaeozoic. However, their origin and 
phylogenetic relationship with other spriferid groups as well as among the spiriferellid taxa 
are still poorly defined, contributing to a current lack of a definitive understanding of their 
systematic position. 
Waterhouse (1968) first proposed the Subfamily Spiriferellinae only with two genera, 
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Spiriferella Tschernyschew, 1902 and Elivina Frederiks, 1924, putting this subfamily in the 
Family Brachythyrididae. Later, Carter (1974) transferred the Spiriferellinae into the 
Spiriferidae, a view that has been followed by some workers and also adopted in the revised 
Treatise for the classification of Spiriferoidea (Waterhouse, 2004; Carter et al., 2006; Grunt, 
2006). Nevertheless, some morphological similarities between the Spiriferellidae and 
Licharewiidae have also been noted in some previous studies (Waterhouse, 1968, 2004; 
Waterhouse and Waddington, 1982; Shi and Waterhouse, 1996).
The results of our cladistic analyses (Chapter 6) shows the Spiriferella as a sister taxon 
of a large clade that consists of trigonotretids, spiriferins, and imbrexiids, thus supporting the 
nesting of spiriferellids within the Spiriferoidea. Also, the finding by Erlanger and Solomina 
(1989) that licharewiid shells are punctated strongly supports that the licharewiids would be 
closely related to punctate syringothyridoideans rather than impunctate spiriferoideans.
Angiolini (2001) subdivided spiriferellids into two subfamilies, the Spiriferellinae and 
Hunzininae, based on the relative hinge width, lateral plications, and micro-ornamentation. 
Later, another subfamily, the Elivininae, was also proposed within the Spiriferellidae by 
Waterhouse (2004). However, these subdivisions of the spiriferellids have not been attested 
by any phylogenetic evidence, and therefore, they have not been followed in the revised 
Treatise (Carter, 2006a).
Kalashnikov (1998) brought the Trigonotretinae in the Spiriferellidae, breaking the 
trigonotretid group between the Trigonotretinae and the Neospiriferinae in Carter et al. (1994).
One of our phylogenetic results (Fig. 6.2C) shows a paraphyly composed of Spiriferella and 
trigonotretins, partly supporting the taxonomic grouping proposed by Kalashnikov. However, 
this grouping should be verified with the presence of micro-pustules only common in 
spiriferellids, and with fasciculated costation which should be present in both Spiriferellidae 
and Trigonotretinae families.
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Genus SPIRIFERELLA Tschernyschew, 1902
Type species. Spirifer saranae de Verneuil, 1845.
Remarks. The primary genus of spiriferellid, Spiriferella, has peculiar morphological features 
including: a commonly elongate outline, strongly plicated lateral slopes, a thick apical callus 
formed by secondary shell thickening, and dense small pustules on shell surface. These 
features together distinguish this genus from genera in other spiriferoidean families.
On the other hand, Waterhouse et al. (1978) and Waterhouse and Waddington (1982)
provided a detailed review of Spiriferella and allied taxa, along with a proposition of their 
evolutionary history. In particular, the monographic study of Waterhouse and Waddington 
(1982) documented in detail the occurrences and taxonomy of many Carboniferous and 
Permian spiriferellid species in the Arctic, including several new genera and many new 
species. The same study has discussed how Spiriferella is distinguished from other allied 
genera, and these discussions, unless otherwise state, are accepted and followed in the present 
work.
Several spiriferellid species have been proposed and repeatedly reported from the Late 
Palaeozoic of Svalbard. However, some of their taxonomic identities are still unclear due to 
the inconsistency between descriptions and figures reported by different workers, as well as 
the lack of access for the present author to check the type material. Here we have attempted 
to revise all the known Spiriferella species from Svalbard, based on the large amount of 
Permian spiriferellid collections from Spitsbergen, many of which are very well preserved 
allowing us to document, clarify, and illustrate some of the previously unknown or unclear 
morphological features. Particularly, as indicated by Waterhouse and Waddington (1982),
morphological characteristics of the dorsal fold, such as its elevation and the development 
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status of its median groove, are relatively stable within each species of Spiriferella, in spite of 
some wide intraspecific variations in outline and shell macro-ornamentation. Of particular 
interest, as we have noticed from the present study, the development of pustules as a shell 
surface micro-ornamentation seems to be a significant character to define the phylogenetic 
relationships of Spiriferella species.
According to our revision here, Spirifer keilhavii von Buch, 1846, Spirifer draschei
Toula, 1875, and Spirifer loveni Diener, 1903(=Spirifer parryanus Toula, 1875) are still 
retained within the genus Spiriferella although some modification of their diagnoses is 
necessary, whilst Spirifer wilczecki Toula, 1873 is moved to Timaniella Barchatova, 1968. 
Meanwhile, Spiriferina polaris Wiman, 1914 was erected as the type species of another 
spiriferellid genus Arcullina by Waterhouse (1986).
Spiriferella keilhavii (von Buch, 1846)
Figs. 10.4A-D, 10.6A-B; Plate 5, Figures 1-7
1846 Spirifer keilhavii von Buch, p. 74, pl. 1, figs. 2a-b.
1901 Spirifer keilhavii von Buch; Frech, pl. 56c, figs. 1b-c.
1902 Spiriferina (Spiriferella) keilhavii (von Buch); Tschernyschew, p. 126, 527, pl. 40, 
figs. 1-4.
1914 Spirifer drachei Toula; Wiman, p. 38, pl. 3, figs. 2; non pl. 3, figs. 4-26.
Lectotype. According to Wiman (1914), the original figures of Spirifer keilhavii von Buch 
(1846) are composite drawings from several specimens (Figs. 10.4A-B). The specimens of 
von Buch were re-drawn by Frech (1901) and Licharew and Einor (1939) selected a specimen 
figured by Frech (1901, pl. 57c, fig. 1b; see also Fig. 10.4D) as the lectotype.
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Figure 10.4. Original images of Spiriferella species from Svalbard. A-B, Spirifer keilhavii 
von Buch, 1846. C-D, Spirifer keilhavii re-drawn by Frech (1901). E-H, Spirifer parryanus 
(not Hall) Toula, 1875. I-J, Spirifer draschei Toula, 1875. K-L, Spirifer wilczecki Toula, 
1873.
Diagnosis. Shell medium sized, slightly transverse or isometric, weakly convex for genus. 
Sulcus relatively narrow, distinctly defined near beak, with costation; fold, relatively high, 
broadening anteriorly; median groove weakly developed from mid-length of fold anteriorly. 
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Lateral slopes gently steep, with eight to ten plicae; plicae, distinct, broad, unequally costate; 
costae mostly limited to anterior of shell. Interarea low and slightly concave. Micro-
ornamentation with numerous small pustules developed along growth lamellae and capillae.
Material. Two specimens (DUES-SL033, 034), including one conjoined shell and one ventral 
valve, from the Idodalen section (IF01) and Skansbukta section (SAF01).
Description. Shell medium in size, 52.7 mm wide and 51.2 mm long as measured from one
nearly complete conjoined shell (Fig. 10.5). Outline slightly transverse or isometric; lateral 
profile moderately biconvex. Hinge line equal to maximum width; cardinal extremities 
slightly acute.
Ventral valve with gently incurved short beak and distinctly plicate shell surface. Sulcus 
narrow and shallow, originating from ventral beak, anteriorly forming V-shaped commissure 
line, with six to eight indistinct costae. Ventral interarea low and slightly concave. Lateral 
slopes gently steep, having four to five plicae on each side; plicae rounded or slightly angular, 
much broader than interspaces, with indistinct costation; costae slightly rounded to flat, 
unequally developed, starting from middle to anterior part of valve.
Dorsal valve less convex. Fold relatively high and narrow, slightly angular, bearing 
very faint median groove and lateral costae. Lateral plicae slightly angular than those on 
ventral valve, with weak costation.
Shell surface micro-ornamentation featured by growth lamellae, capillae, and pustules; 
pustules 0.05 to 0.15 mm in diameter, 15 to 20 per 1 mm2 on mid-valve, distributed on 
intersections of capillae and concentric growth lamellae (Figs. 10.6A-B). Shell material 
strongly thickened in posterior of ventral valve, thinning anteriorly.
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Figure 10.5. Shell measurements of Spiriferella species.
Remarks. This species, originally reported from the Artinskian Hambergfjellet Formation of 
Bjornøya by von Buch (1846), has been misunderstood until now, basically due to the 
inconsistency between his original drawing (Figs. 10.4A-B) and his description of the species. 
Wiman (1914) who examined the original materials commented that von Buch’s drawing was 
constructed from multiple specimens, and the features illustrated in this drawing were not 
entirely consistent with the descriptions given by von Buch to the species. Consequently and 
subsequently, this species has been interpreted and defined differently by different researchers. 
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Figure 10.6. Shell micro-ornamentation of Spiriferella keilhavii (von Buch, 1846) (A-B), S.
draschei (Toula, 1875) (C-D), and Spiriferella loveni (Toula, 1875) (E-F).
In particular, this species has been continuously compared with other Spiriferella species 
reported from the Permian of Svalbard, including Spirifer wilczeki Toula, 1873, Spirifer 
248 
draschei Toula, 1875, and Spirifer parryana (not Hall) Toula, 1875 (Figs. 10.4 E-J). Many 
works either considered these species as varieties of Spiriferella keilhavii (Stepanov, 1937;
Licharew and Einor, 1939) or partly synonymised them with it (Dunbar, 1955; Gobbett, 1963; 
Waterhouse and Waddington, 1982). As a result, these taxonomic treatments in most cases 
have considerably modified and confused the definition and identity of Spiriferella keilhavii
as well as other related species. In this sense, it is important to re-examine all original figures 
and descriptions of the type materials of all these species, in conjunction with the Spiriferella 
collections from Svalbard at hand, to provide a modern understanding of these various 
species, including their diagnoses and distinction from one another.
The images of von Buch’s original specimens were reproduced by Frech (1901) (Figs. 
10.4C-D) and they demonstrate, similar to our materials, that Spiriferella keilhavii is 
represented by the following morphological features: slightly transverse to isometric outline, 
broad plicae, weakly costae lateral slopes, low interarea, and a lack of, or very weakly traced, 
median groove on the posterior part of the fold. Particularly, its weak median groove, which 
is recognisable only on the middle to anterior part of fold, clearly discriminates Spiriferella 
keilhavii from the other species having a distinct median groove that generally starts from the 
posterior tip of the fold. Except its weak median groove, several other morphological 
characteristics also satisfy the separation between Spiriferella keilhavii and the other species. 
Spirifer wilczeki, which is here moved into Timaniella Barchatova, 1968, differs in its more 
transverse outline, more angular plication, and more distinct and posteriorly extending 
costation on the whole shell. Spiriferella draschei is distinguished by its more elongate 
outline, more strongly incurved ventral beak, high interarea, and broad sulcus, in spite of the 
existence of some transitional forms between these two species. Spiriferella loveni is 
differentiated by its smaller shell, simple lateral plicae, low fold, and, more crucially, a 
different disposal pattern of pustules. The pustules of Spiriferella keilhavii are arranged both 
249 
along capillae and growth lamellae, forming a reticulated structure that remarkably resembles 
the pustule arrangement of Spiriferella draschei (Figs. 10.6A-D). On the other hand, 
Spiriferella loveni has pustules that are distributed dominantly along wavy growth lamellae 
(Figs. 10.6E-F).
Spiriferella rajah (Salter) subsp. B from Yukon in Canada figured by Nelson and 
Johnson (1968) is similar to Spiriferella keilhavii in having a very weak median groove on 
fold. However, the former species is different in having a wide sulcus and very high interarea 
as well as a relatively high and broad fold, suggesting a probable transitional representative 
between Spiriferella keilhavii and Spiriferella draschei.
Our newly revised definition of Spiriferella keilhavii, strictly following the features of 
the type material, also restricts its stratigraphic range only in the relatively old strata 
(Sakmarian to Artinskian) although Middle to Late Permian shells have been assigned to this 
species in recent works. This would suggest that this species possibly represents the ancestral 
form of the other Spiriferella species from the Permian of Svalbard and that an apparent 
evolutionary trend among Spiriferella species would be the enhancement, over time, of the 
median groove on dorsal fold (Fig. 10.7).
Occurrence. Hambergfjellet Formation (Artinskian) of Bjornøya; Vøringen member 
(Artinskian to Kungurian) of the Kapp Starostin Formation in Spitsbergen; Lower Permian of 
the southern Urals and Timan, Russia.
Spiriferella draschei (Toula, 1875)
Fig. 10.4I-J, 10.6C-D;; Plate 5, Figures 8-14; Plate 6, Figures 1-9
?1855 Spirifer keilhavii von Buch; Salter, p. 386, pl. 36, figs. 9-10; non pl. 36, fig. 11.
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Figure 10.7. Schematic evolutionary pattern of Spiriferella and Timaniella in Svalbard and 
east Greenland during the Permian.
1875 Spirifer draschei Toula, p. 239, pl. 7, figs. 4a-c.
1914 Spirifer draschei Toula; Wiman, p. 38, pl. 3, figs. 3-10, 12-26; non pl. 3, figs. 2, 11.
1916 Spiriferella draschei (Toula); Tschernyschew and and Stepanov, p. 82, pl. 9, figs. 
2a-b.
1960 Spiriferella keilhavii (von Buch); Harker and Thrsteinsson, p. 72, pl. 22, figs. 9-10; 
pl. 23, figs. 1-2.
1962 Spiriferella draschei (Toula); Dunbar, p. 8, pl. 2, figs. 11-14.
1963 Spiriferella draschei (Toula); Gobbett, p. 154, pl. 20, fig. 7.
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1971 Spiriferella draschei (Toula); Brabb and Grant, p. 17, pl. 2, figs. 26-28, 34, 35.
1982 Spiriferella keilhavii (von Buch); Waterhouse and Waddington, p.28, pl. 6, figs. 5-
14; non pl. 4, fig.15, pl. 6, figs. 3-4.
?1998 Eridmatus sp. Kalashnikov, pl. 19, fig. 1.
2008 Spiriferella keilhavii (von Buch); Angiolini and Long, p. 93, figs. 9A-H.
2008 Spiriferella loveni (Diener); Angiolini and Long, p. 96, figs. 9I-J; fig. 10A.
2008 Eridmatus sp. Angiolini and Long, p. 96, figs. 10B-F.
Lectotype. Gobbett (1963) selected the specimen figured by Toula (1875, pl. 7, figs. 4a-c) as 
the lectotype of Spiriferella draschei.
Diagnosis. Shell medium to large, elongate, generally with strongly incurved ventral beak. 
Sulcus broad, anteriorly extensively developed, bearing several costae. Fold with median 
groove starting from dorsal beak and anteriorly extending. Lateral slopes steep, with weakly 
costate plicae. Interarea relatively high.
Material. Seven ventral valves (DUES-SL035~041) from Skansbukta section (SAF01, 
SBF03), and Skansen section.
Description. Shell medium to large, ranging from 49.5 to 58.1 mm in width and 53.4 to 70.5
mm in length (Fig. 10.5). Outline generally elongate; lateral profile moderately to strongly 
biconvex. Maximum width generally located in anterior third of shell length; hinge line 
slightly narrower than maximum width, with obtuse cardinal extremities.
Ventral valve with maximum convexity on umbonal region and commonly strongly 
incurved ventral beak. Sulcus broad, shallow to moderately deep, starting anterior to beak, 
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quickly broadening anteriorly to form V-shaped commissure line, ornamented by median 
plica and ten or more lateral costae; median plica narrow to broad, distinctly developed, 
originating near beak; lateral costae less distinct, branching on middle to anterior of valve. 
Ventral interarea generally high and concave, bearing fine horizontal striations. Delthyrium 
triangular, largely covered by pseudodeltidium. Lateral slopes relatively steep, with five to 
six pairs of plicae; plicae distinct, broad, slightly rounded, with narrow interspaces; costae 
weakly developed, only distinct on anterior of valve. Ventral interior with largely thickened 
teeth.
Micro-ornamentation composed of numerous concentric growth lamellae, capillae, and 
pustules; pustules minute, 0.05 to 0.15 mm in diameter; growth lamellae and capillae forming 
reticulated structure, bearing 15 to 20 pustules per 1 mm2 on intersections of mid-valve (Figs. 
10.6C-D). Shell material strongly thickened in posterior part but thin in lateral and anterior of 
valve.
Remarks. Spiriferella draschei is generally represented by an elongate outline, maximum 
width on the anterior of valve, high interarea, and very broad sulcus with numerous costae, 
though its basic appearance is somewhat similar to that of Spiriferella keilhavii. In addition, 
all our specimens assigned to Spiriferella draschei exhibit a more distinct median plica on 
sulcus than lateral costae. The existence of a strongly defined median costa is also expressed 
in the original figure of Toula (1875, pl. 2, fig. 7; also see Figs. 10.4J), and it seems to be 
uniformly developed, at least, in most specimens from Spitsbergen.
Waterhouse and Waddington (1982) synonymised Spiriferella draschei with Spiriferella 
keilhavii, but they also indicated that Spiriferella keilhavii has a relatively smooth fold. 
Specifically, they described that the median groove on fold is absent or very shallow on the 
posterior part of fold. Nevertheless, their figures of Spiriferella keilhavii (Waterhouse and 
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Waddington, 1982, pl. 6, figs. 6, 11-13) from the Permian of Arctic Canada evidently 
demonstrate that a median groove distinctly developed on the posterior part of fold, implying 
that they in fact represent the morphology of Spiriferella draschei.
Angiolini and Long (2008) also identified a relatively elongated Spiriferella form from 
Skansen in Spitsbergen as Spiriferella keilhavii, adopting the taxonomic scheme by 
Waterhouse and Waddington (1982). However, these specimens seem to be more closely 
related to Spiriferella draschei in having numerous costae on a wide sulcus and a relatively 
high interarea, as well as a distinct median groove on the fold. Additionally, specimens 
figured as Spiriferella loveni and Eridmatus sp. also by Angiolini and Long (2008) have a 
relatively elongate outline, high interarea, and distinct median groove, suggesting some 
affinity to Spiriferella draschei.
Spiriferella rajah var. saranaeformis Licharew and Einor (1939) from the Permian of 
Novaya Zemlya is also possibly assigned to Spiriferella draschei as both have an elongate 
outline, a relatively broad sulcus with costation, and a high interea, but the posterior of fold in 
the former seems to be smooth.
Although there is a sufficient morphological distinction between the typical Spiriferella 
draschei and Spiriferella keilhavii, the existence of several transitional forms between the two 
species indicates that they might have evolved from the same stock. Furthermore, these two 
species demonstrate a very similar pattern in the arrangement of pustules (Figs. 10.5A-D). All 
these things suggest that these two species are phylogenetically closely related, probably to 
the extent that Spiriferella keilhavii is the direct ancestor of Spiriferella draschei (Fig. 10.7).
Occurrence. Kapp Starostin Formation (Artinskian to Lopingian?) in Spitsbergen; Kim Fjelde 
Formation (Artinskian to Capitanina) in Amdrup Land, northeast Greenland; Guadalupian 
strata strata in Northern Yukon and Arctic Canada; Tahkandit Formation (Roadian to Wordian) 
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in Alaska, USA; Permian strata in North Timan, Russia.
Spiriferella loveni (Diener, 1903)
Figs. 10.4E-H, 10.6E-F; Plate 7, Figures 1-36; Plate 8, Figures 1-21
1875 Spirifer parryanus Toula, (not Hall, 1858), p. 256, pl. 7, figs. 8a-b.
1903 Spirifer loveni Diener, p. 17. 
1914 Spirifer draschei Toula; Wiman, p. 38, pl. 3, fig. 11; non pl . 2-10, 12-26.
1916 Spiriferella parryana (Toula); Tschernyschew and Stepanov, p. 82, pl. 11, figs. 4, pl. 
12, figs. 1-3.
1931 Spiriferella parrayana (Toula); Frebold, p. 18, pl. 5, figs. 5, 6, 6a.
1937 Spiriferella keilhavii var. parryana (Toula); Stepanov, p. 147, pl. 8, figs. 10-11.
1937 Spiriferella parryana (Toula); Frebold, p. 45, pl. 11, fig. 6.
1937 Spiriferella saranae (de Verneuil); Frebold, p. 45, pl. 11, figs. 7-8.
1955 Spiriferella keilhavii (von Buch); Dunbar, p. 139, pl. 27, figs. 1-5, 10, 11; non pl. 
25, figs. 1-9, pl. 26, figs. 1-8, pl. 27, figs. 6-9, 12-14.
1960 Spiriferella saranae (de Vernuil) sensu lato; Harker and Thorsteinsson, p. 71, pl. 22, 
figs. 4-8; non pl. 22, figs. 1-3, pl. 23, figs. 3, 4, 8.
1963 Spiriferella aff. interplicata (Rothpletz); Gobbett, p. 155, pl. 20, figs. 4-6.
1982 Spiriferella ?loveni (Diener); Waterhouse and Waddington, p. 22, pl. 6, figs. 1-2; 
non pl. 5, figs. 2-17.
1982 Spiriferella leviplica Waterhouse and Waddington, p. 26, pl. 7, figs. 5-11.
1992 Spiriferella saranae (de Verneuil); Nakamura et al., pl. 4, figs. 2, 5.
1992 Spiriferella sp. Nakamura et al., pl. 5, fig. 10.
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Nomenclature. This species was originally named as Spirifer parryanus by Toula (1875).
However, as indicated by Diener (1903, p. 17), this name had been previously occupied by a 
brachiopod species which Hall (1858) proposed from the Devonian of Iowa. Diener thus 
renamed the species as Spirifer loveni.
Lectotype. Toula (1875) proposed the present species, figuring only two specimens from the 
Nordfjorden in Spitsbergen, one ventral valve and one dorsal one. We here select the ventral 
valve (Toula, 1875, pl. 1, figs. 8a-c) as the lectotype, but the storage of this specimen is 
unclear.
Diagnosis. Shell medium sized for genus, slightly transverse to elongate in outline, 
commonly with shortly alate cardinal extremities in adult stage. Sulcus with a pair of median 
costae bounded by median groove, originating from ventral beak; fold low but well delimited,
with generally wide and deep median groove starting from dorsal beak. Lateral plicae broad 
and rounded, commonly simple but rarely unequally branched.
Material. One hundred seventy registered specimens (DUES-SL042~205, KOPRIF-
SL003~008), all more or less completely preserved, of which four are conjoined shells, one 
hundred thirty four ventral valves, and thirty two dorsal valves; additionally, about two 
hundreds unregistered specimens; from the Festningen section (FF03, 05, 06, 08, 09, 10, 11, 
13,16), Trygghamna section (TF02, 06, 07, 08), Reinodden section (RF03, 04), 
Ahlstrandodden section (AF02, 03, 06, 07), Idodalen section (IF03, 04), Skansbukta section 
(SAF02, SBF03), and Scheteligfjellt section (SFF03, 04, 05, 07, 08).
Description. Shell medium in size, ranging from 15.4 to over 60.0 mm in width and 14.0 to 
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53.2 mm in length (Fig. 10.5). Outline semicircular to pentagonal, with width/length ratio 
ranging from 0.838 to 1.823 (average 1.171); lateral profile subequally biconvex. Hinge line 
straight, mostly coincident with greatest width; cardinal extremities shortly alate, but often 
broken.
Ventral valve variably convex, commonly with strong convexity in large shell; umbonal 
region swollen, incurved, with maximum convexity. Sulcus shallow to moderately deep, 
narrow from beak to mid-valve but broadening on anterior of valve, anteriorly forming 
widely V-shaped commissure line, mostly with a pair of median costae, occasionally bearing 
very weak additional lateral costae; median costae nearly parallel, slightly rounded, bounded 
by median groove starting near beak. Ventral interarea moderately high (occupying around 
one fifth to fourth of valve length), apsacline, horizontally and/or vertically striated; 
delthyrium triangular, with around 50-60° delthyrial angle, not covered by any plate. Later 
slopes with normally four to five plicae on each side; plicae, well rounded but flattening 
laterally, broad with narrower interspaces, originating from beak, normally simple but 
occasionally costate on anterior of valve.
Ventral interior with strongly thickened apical callus occupying the whole space below 
delthyrium; teeth strongly developed, supported by dental plates; dental plates short and low, 
composed of strongly thickened dental flanges, ventral adminicula almost buried by shell 
thickening. Ventral muscle field relatively rounded and longitudinally oriented, occupying 
one third to a half of valve length, slightly elevated above valve floor, having very slender 
adductor scars medially and broad diductor scars laterally with vertical striation, posteriorly 
bounded by apical callus and dental plates; vascular markings radially developed, laterally 
and anteriorly surrounding muscle field, bearing with numerous distinct pits.
Dorsal valve mostly much less convex than ventral valve, with maximum convexity on 
umbonal region. Fold moderately wide, low, relatively angular, very distinctly divided by 
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median groove, often having additional pair of lateral grooves on anterior of valve, 
sometimes with weakly traced costae anteriorly; median groove deep, anteriorly broadening, 
originating from dorsal beak. Lateral plicae on dorsal valve more angular than those on 
ventral valve, with narrower interspaces, sometimes bearing only anteriorly developed weak 
costae. Dorsal interior with sockets opened laterally and small ctenophoridium; crural plates 
very low.
Whole shell surface covered with fine growth lamellae, capillae, and pustules; growth 
lamellae, densely distributed, becoming more distinct anteriorly, wavy particularly on 
anterior of shell; pustules about 0.06 to 0.20 mm in diameter, arranged mainly along growth 
lamellae, 10 to 15 pustules per 1 mm2 on mid-valve; capillae less distinct. Shell material 
strongly thickened in posterior of shell, but thinning laterally and anteriorly.
Remarks. This species is one of the most abundant species in the Kapp Starostin Formation, 
only missing from its the basal part. The species represented by numerous shells (170 
registered specimens) exhibits some variations by the section and horizon. Particularly, the 
width/length ratio of our specimens from two most Spiriferella loveni abundant horizons 
(FF09 in the Festningen section and SBF03 in the Skansbukta section) demonstrate a 
separation between two populations; the population from SBF03 is more elongate in outline 
(Fig. 10.5). This variation might be caused by environmental difference, especially in the type 
of substrate, as the FF09 horizon is composed of a limestone facies whereas the SBF03 
horizon comprises a shale facies. In addition, the shell convexity and thickness of plicae are 
somewhat variable even in the population from the same horizon. Nevertheless, this species 
bears considerable morphological consistency, which includes two nearly parallel median 
costae on sulcus, mostly simple lateral plicae, and a low fold with a distinct median groove. 
These strongly consistent characteristics support the notion of a single species and a strong 
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distinction from other Spiriferella from Svalbard.
In many literatures, this species has been considered as a junior synonym of Spiriferella 
keilhavii. For example, Dunbar (1955) also synonymised these two species, emphasizing the 
similarity of his species with costations on lateral plicae to Spiriferella keilhavii. Interestingly, 
however, ‘Spiriferella keilhavii’ figured by Dunbar (1955, pl. 26, figs. 9-11) displays pustules 
which are mostly arranged along growth lamellae, a micro-ornamentation pattern more 
compatible with that on the shell surface of Spiriferella loveni (Figs. 10.6E-F). Additionally, 
the low fold and distinct median groove in Dunbar’s species is more similar to those of 
Spiriferella loveni. These imply that Dunbar’s species might be more closely related to 
Spiriferella loveni than to the typical Spiriferella keilhavii.
Consequently, it suggests that the Dunbar’s species, which were collected from 
relatively young strata in central east Greenland, might have evolved from Spiriferella loveni 
through the acquisition of distinct costation (Fig. 10.7). 
On the other hand, Waterhouse and Waddington (1982) differentiated Spiriferella loveni
from Spiriferella keilhavii. According to their classification, the Canadian species with 
numerous costae was assigned to Spiriferella loveni, whereas Dunbar’s Greenland species 
were regarded as Spiriferella keilhavii. Because Waterhouse and Waddington also reported 
fine pustules arranged along growth lamellae from the Canadian species, it would be also 
closely related to the typical Spiriferella loveni, thus further supporting the development of 
costation in younger species as proposed above. However, these species bearing well-
developed costae are here excluded from Spiriferella loveni, due to the morphological 
distinction. Our numerous shells from Spitsbergen as well as the type figures of Toula (1875, 
pl. 7, fig. 8; also see Figs. 10.4E-H) indicate that Spiriferella loveni is characterised by having 
nearly simple lateral plicae. Therefore, the establishment of a new species is required for the 
species from central east Greenland and Arctic Canada.
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Gobbett (1963) described Spiriferella aff. interplicata (Rothpletz, 1892) from the upper 
part of Kapp Starostin Formation in Spitsbergen, but this species would be the representative 
of juvenile shells of Spiriferella loveni, as also pointed out by Waterhouse and Waddington 
(1982). Several specimens from the same collection with the present author were regarded as 
Spiriferella saranae and Spiriferella sp. by Nakamura et al. (1992), but they all have the same 
morphological characters with Spiriferella loveni. Spiriferella leviplica Waterhouse and 
Waddington, 1982 from the Arctic Canada also seems to be assigned to Spiriferella loveni
because these two species share most characters including two parallel median costae on 
sulcus, simple lateral plicae, distinct median groove on low fold, and slightly elevated muscle 
field. Spiriferella borealica Kalashnikov, 1998 from North Timan, Russia resembles 
Spiriferella loveni in the relatively small shell, shortly alate cardinal extremities, and simple 
costae, but the former species differs in having a narrower sulcus and weakly developed 
lateral plicae.
Occurrence. Kapp Starostin Formation (Artinskian to Lopingian?) in Spitsbergen; Wegener 
Halvo Formation (Wuchiapingian) in east Greenland; Guadalupian strata in Canadian Arctic 
Archipelago.
Spiriferella sp. 
Plate 6, Figures 10-13
Material. Two ventral valves (DUES-SL206, 207) from Ahlstrandodden section (AF02) and 
Skansbukta section (SBF03).
Description. Ventral valve with narrow width and possibly elongate outline; umbonal region 
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strongly incurved; beak short, acute, incurved. Sulcus shallow and narrow, with median plica 
(or costa) and three pairs of lateral costae; median plica starting near beak, lateral costae 
originating from middle to anterior of valve. Ventral interarea high with horizontal striation; 
delthyrium triangular, with delthyrial angle of 50°, posteriorly covered by pseudodeltidium. 
Lateral slopes steep, with four plicae on each side; plicae rounded, broad, bounded by narrow 
interspaces, with anteriorly developed weak costae. 
Micro-ornamentation poorly preserved, but presenting wavy growth lamellae with 
small pustules on anterior of valve.
Remarks. These two fragmentary shells with very narrow hinge are mostly comparable with 
Spiriferella draschei due to their strongly incurved ventral umbonal region, high interarea, 
steep lateral slopes, and median plica on sulcus, implying that they might represent a variety 
of Spiriferella draschei. Nevertheless, these shells are considerably different in having a
narrow sulcus and fewer costae. Moreover, their micro-ornamentation is poorly preserved, 
but seems to be more similar to that of Spiriferella loveni, owing to the arrangement of 
pustules mainly along the growth lamellae. These facts suggest that this, potentially new, 
species would be a representative of transitional form between Spiriferella draschei and 
Spiriferella loveni. However, this interpretation needs to be clarified through the study of 
more specimens.
Occurrence. Kapp Starostin Formation (Artinskian to Lopingian?) in Spitsbergen.
Genus ARCULLINA Waterhouse, 1986
Type species. Spiriferina polaris Wiman, 1914.
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Remarks. The genus Arcullina is simply distinguished from other spiriferellid genera by the 
absence of median groove on the fold of dorsal valve, as noted by Waterhouse (1986). In 
addition, the absence or scarcity of costae on lateral plicae is a typical feature of the genus. 
Except the type species from the Permian of Svalbard, two Permian species from North 
Timan, Russia, Spiriferella digna Barchatova, 1968 and Spiriferella timanica Barchatova, 
1970, which seem to be very closely related to the type species, can be assigned to Arcullina.
Kalashnikov (1998) assigned two additional species, also from the Permian of Russia, 
Arcullina editiareatus (Einor, 1939) and Arcullina mica (Barchatova, 1968), to this genus. 
Meanwhile, Waterhouse (2001, 2004) assigned several species from the Permian of New 
Zealand and Himalaya to the genus, but their relationships with the species of Arcullina from 
the Arctic region have not been clarified.
Arcullina polaris (Wiman, 1914)
Fig. 10.9; Plate 9, Figures 1-22
?1855 Spirifer keilhavii von Buch; Salter, p. 386, pl. 36, fig. 11; non figs. pl. 36, 9-10.
1914 Spiriferina polaris Wiman, p. 39, pl. 4, figs. 1-25; pl. 5, figs. 1-5.
1937 Spiriferella polaris (Wiman); Stepanov, p. 150, pl. 8, figs. 7-8; non pl. 8, figs. 5-6.
1937 Spiriferella polaris (Wiman); Frebold, p. 47, p. 11, figs. 1, 1a-b.
1963 Spiriferella polaris (Wiman); Gobbett, p. 150.
1968 Spiriferella saranae (de Verneuil); Nelson and Johnson, p. 729, pl. 93, figs. 3-10; pl. 
96, fig. 9; text-figs. 4f, 5a, 13f; non pl. 93, figs. 1-2.
1970 Spiriferella polaris (Wiman); Barchatova, p. 176, pl. 20, fig. 7.
1986 Spiriferella polaris (Wiman); Kalashnikov, p. 93, pl. 123, figs. 3-5.
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1986 Arcullina polaris (Wiman); Waterhouse, p. 4.
1992 Spiriferella polaris (Wiman); Nakamura et al., pl. 1, fig. 8.
1998 Arcullina polaris (Wiman); Kalashnikov, p. 61, pl. 16, figs. 1-2; pl. 17, figs. 5-7; pl. 
18, fig. 1.
Lectotype. When Wiman (1914) first proposed the present species, he did not select any type 
specimen for the species. Later, two different specimens of Wiman were chosen as lectotypes, 
respectively by Gobbett (1963) and by Kalashnikov (1998). We here accept the specimen, 
which was figured by Wiman (1914, pl. 4, figs. 23-25) and then selected by Gobbett, as the 
lectotype, because it was nominated earlier and displays the typical characteristics in both 
valves rather than Kalashnikov’s lectotype represented only by a ventral valve.
Diagnosis. Slightly elongate spiriferellid shell. Sulcus deep and angular, smooth or rarely 
costate, commonly starting from umbonal region; fold highly developed with sharp crest; 
median groove absent. Lateral plicae simple and broad, with very narrow interspaces on
ventral valve, more angular with broader interspaces on dorsal valve. Delthyrium posteriorly 
closed by pseudodeltidium. Shell surface with very densely arranged coarse pustules.
Material. Twenty five specimens (DUES-SL208~232), including twenty four ventral valves 
and one dorsal valve, from the Festningen section (FF01), Trygghamna section (TF01), 
Reinodden section (RF01), Idodalen section (IF01), Skansbukta section (SAF01 and SBF01), 
and Skansen section.
Description. Shell medium in size, ranging from 31.6 to 56.1 mm in width and 34.1 to 54.0
mm in length (Fig. 10.8). Outline generally ovate, with width/length ratio ranging from 0.823
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Figure 10.8. Shell measurements of Arcullina polaris (Wiman, 1914).
to 1.039; lateral profile moderately to strongly biconvex. Hinge line straight, narrower than 
maximum width, with rounded cardinal extremities; maximum width commonly at middle of 
ventral valve.
Ventral valve with slender umbo and distinct sulcus and plicae. Sulcus angular and 
normally bold, originating from umbo or anterior to umbonal region, deepening and widening 
anteriorly, then forming strong V-shaped anterior commissure line with fold. Ventral interarea 
moderately high and apsacline; delthyrium at least posteriorly covered by arched 
pseudodeltidium, with delthyrial angle around 60 °. Lateral slopes generally steep, with five 
to seven plicae on each side; plicae rounded and simple, broad, bounded by very narrow 
interspaces, anteriorly forming zigzagged commissure line. Ventral interior with strong teeth.
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Dorsal valve relatively thin and moderately convex. Fold highly developed, having 
sharp crest without median groove. Plicae on dorsal valve narrower and more angular than 
those on ventral valve, with broader interspaces. 
Micro-ornamentation characterised by numerous granular pustules; pustules relatively 
large, reaching 0.1 to 0.2 mm in diameter, developed along fine capillae and wavy growth 
lamellae, showing very dense distribution on whole shell surface (Fig. 10.9). Shell material 
strongly thickened in ventral valve, particularly at umbonal region, dorsal valve much thinner.
Remarks. Although the most distinctive character of this species is the absence of median 
groove on fold of dorsal valve, our collection provides only a dorsal valve. This small 
disarticulated dorsal valve shows somewhat weaker convexity than those of the type 
specimen and a specimen figured by Frebold (1937, pl. 11, figs. 1-1a), but the high angular 
fold without median groove strongly indicates its affinity to Arcullina. The external features 
of ventral valve which are represented by relatively large number of specimens are mostly 
identical with those of the type material figured by Wiman (1914). In particular, the present 
species is distinctly separated from other Spiriferella species of Permian Spitsbergen in 
having the deep and angular sulcus starting from umbonal region (or anterior to that) and 
steep lateral slopes as well as in the absence of costae on plicae. Licharew and Einor (1939)
commented that Arcullina polaris is restricted to specimens with sulcus starting from the 
ventral beak according to Wiman’s original description. However, all ventral valves figured 
by Wiman commonly show that their sulcal depressions originate from umbonal region. 
Kalashnikov (1998) synonymised two species from the Permian of North Timan, 
Spiriferella digna Barchatova, 1968 and Spiriferella timanica Barchatova, 1970, with 
Arcullina polaris. It is true that these two former species are assigned to Arcullina due to their 
absence of median groove on fold and display considerable morphological similarities to 
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Figure 10.9. Shell micro-ornamentation of Arcullina polaris (Wiman, 1914).
Arcullina polaris. However, Arcullina digna is distinguished by having its maximum shell 
width at hinge line and acute cardinal extremities. Arcullina timanica is differentiated in the 
possession of pronouncedly angular lateral plicae.
Spiriferella vaskovskii Zavodowsky, 1968 from northeastern Siberia is similar to 
Arcullina polaris in ovate outline, a posteriorly narrow sulcus, and broad lateral plicae, but 
the former differs in possessing a distinct median plica on sulcus and an anteriorly retained 
narrow sulcus, as well as a median groove on fold.
As pointed out by several earlier authors (Wiman, 1914; Stepanov, 1937; Licharew and 
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Einor, 1939; Nelson and Johnson, 1968), Arcullina polaris seems to be closely related to 
some specimens regarded as Spiriferella saranae (de Verneuil). In particular, the existence of 
intermediate forms between the two species, such as Arcullina polaris with weakly developed 
costae on sulcus (e.g., Wiman, 1914, pl. 4, fig. 18; Nelson and Johnson, 1968, pl. 93, figs. 3, 
7, 10) and Spiriferella saranae having a rounded fold without median groove (e.g., 
Tschernyschew, 1902, pl. 40, fig. 7), strongly suggests that Arcullina polaris might have 
directly originated from Spiriferella saranae through the loss of costation on sulcus and fold. 
In spite of their morphological similarities, the relationship between Arcullina polaris and 
genuine Spiriferella saranae is still unclear owing to lack of a clear definition for Spiriferella 
saranae. For example, Waterhouse and Waddington (1982) assigned several Russian 
specimens described as Spiriferella saranae, including figures by Tschernyschew (1902, pl. 
12, fig. 4, pl. 40. fig. 7), to other species, suggesting their different lineages.
Also noteworthy is that the development of pustules in Arcullina polaris, which is very 
similar to that of Spiriferella pseudotibetana figured by Waterhouse and Waddington (1982).
This would suggest that the two species and genera might be very closely related, in spite of 
their difference in the morphology of fold.
Although this study reports Arcullina polaris only from the Vøringen Member in 
Spitsbergen which agrees well with Nakamura et al. (1992), other reports of this species from 
Svalbard are stratigraphically more variable: Wiman (1914) reported it also from the Cora 
Limestone in Bjørnøya probably corresponding to the Kapp Dunér Formation (Asselian) (Fig. 
2.6), and Gobbett (1963) commented that this species is common in the lower beds of the 
Brachiopod Chert, a rock unit possibly equivalent to the Svenskeegga Member of the Kapp 
Starostin Formation.
Occurrence. Vøringen and Svenskeegga members (Artinskian to Guadalupian?) of the Kapp 
267 
Starostin Formation and possibly older strata in Svalbard; Vil'skaya Formation (Kungurian) 
at Sula River, North Timan, Russia; Tahkandit Formation (Artinskian) in Yukon, Canada.
Genus TIMANIELLA Barchatova, 1968
Type species. Timaniella festa Barchatova, 1968.
Diagnosis. Shell medium to large for subfamily, transverse with acute to alate cardinal 
extremities, broadly ventribiconvex. Sulcus and fold relatively narrow, costate; fold variably 
elevated by species, but always with median groove starting from near dorsal beak. Lateral 
slopes gently steep, with moderate to strongly plicate; plicae rounded to angular, weakly to 
distinctly costate, with distinct fasciculation. Ventral interarea relatively low, flat to weakly 
concave; delthyrium partly covered by pseudodeltidium. Ventral interior greatly thickened 
with delthyrial callus; teeth stout, supported by strong dental flanges; ventral adminicula 
short, low, buried in shell floor. Micro-ornamentation composed of capillae and growth 
lamellae with fine pustules.
Remarks. This spiriferellid genus with a transverse outline is readily distinguished from 
Spiriferella Tschernyschew, 1902 by having a much less convex ventral valve and less 
elevated muscle field, as well as a distinctively transverse outline. The transverse outline and 
fasciculated plicae of Timaniella have sometimes led some authors to consider it as a 
neospiriferin genus (e.g., Wiman, 1914, Spirifer fasciger Keys, pl. 5, figs. 14-16; Stepanov, 
1937, Spirifer moosakhailensis Davidson, pl. 7, fig. 2). However, Timaniella is different from 
neospiriferin genera in the existence of a strongly thickened delthyrial callus and a distinct 
median groove on fold, both features suggesting strong affinity with spiriferellids. 
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Rhombospirifer Duan and Li, 1985 from the Permian of Inner Mongolia in northeastern 
China is very similar to Timaniella in having a transverse outline, plicated lateral slopes, and 
costate plicae, but the former differs in the existence of stegidium as well as weakly 
developed costae and median groove. 
The close morphological similarity between Timaniella and Spiriferella would suggest 
some ancestral relationship between them. In particular, it seems that Timaniella was evolved 
from one of the various forms which have been regarded as Spiriferella keilhavii (von Buch, 
1846) by attaining a much wider hinge line. In fact, as indicated by Stepanov (1937) and 
Barchatova (1968, 1970), many spiriferellid species with a transverse outline from the Arctic 
region had been identified as Spiriferella keilhavii, although in this study we have reassigned 
them to Timaniella wilczecki (see synonym list of Timaniella wilczecki (Toula, 1873) below).
On the other hand, several other spiriferellid species that have been assigned to 
Timaniella solely due to their transverse outline, may prove to belong to some other genera.
For example, Timaniella magniplicata, proposed by Abramov and Grigorjewa (1988, p. 159, 
pl. 29, figs. 1-3) from the Permian of western Verkhoyan in Russia, has a slightly transverse 
outline and narrow sulcus regarded as characteristic features of Timaniella, but this species 
differs in having strong plicae and a deep sulcus, unlike typical Timaniella. Spirifellid 
specimens from the Permian of northern Yukon in Canada, referred to Timaniella convexa
Shi and Waterhouse (1996, p. 135, pl. 25, figs. 16-28; Fig. 47), are also characterised by a 
wide hinge line bearing a strong similarity with Timaniella harkeri Waterhouse in Bamber 
and Waterhouse, 1971. It is of interest to note that both Timaniella magniplicata and 
Timaniella convexa co-existed with elongate spiriferellids having similar shell ornamentation. 
This could suggest that Timaniella with the extended hinges may have evolved from 
spiriferellids with a short hinge line. If this is true, Timaniella harkeri, which seems to be 
closely related to Timaniella convexa, might have originated from a different lineage to that 
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of the type species of Timaniella.
Transverse shells from the Permian of the Pechora Basin in Russia, assigned to 
Timaniella vasjagensis (Ivanova, 1972) by Kalashnikov (1998, p. 64, pl. 24, figs. 1-5), differs 
from the other genuine species of Timaniella in the shell ornamentation composed of weak 
plicae and reticulated structure formed of strong costae and growth lamellae. This reticulate 
structure suggests its affinity to trigonotretid species rather than spiriferellid forms.
Wang and Zhang (2003) assigned Spiriferella grandis Kotlyar in Licharew and Kotlyar 
(1978, p.73, pl. 18, figs. 7-8) from the Permian of southern Primorye, Russia to Timaniella.
This species is similar to Timaniella in its wide outline and costation both on sulcus and 
lateral plicae, but its median groove seems to develop only on the anterior part of fold 
indicating its closeness to Rhombospirifer.
Except the type species and two other species described below, Timaniella 
pseudocamerata (Girty, 1920), reported from the Permian of the United States by Wardlaw 
(1977), is here regarded as the only other valid species of Timaniella because it displays the 
typical features of the genus including a transverse outline, costate sulcus, narrow fold with a 
distinct median groove, and pustules as micro-ornamentation, in spite of some minor 
differences in the costation of lateral plicae.
Species assigned. Timaniella festa Barchatova, 1968, Timaniella hakeri Waterhouse in 
Bamber and Waterhouse, 1971 , Timaniella pseudocamerata (Girty, 1920), and T. wilczecki 
(Toula, 1873).
Timaniella wilczecki (Toula, 1873)
Fig. 10.4K-L; Plate 10, Figures 1-13
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1873 Spirifer wilczecki Toula, p. 271, pl. 1, figs. 3a-b.
1875 Spirifer wilczecki Toula; Toula, p. 241.
1914 Spiriferina keilhavii (von Buch); Wiman, p.36, pl.2, figs. 25-30; pl. 3, fig. 1.
1914 Spirifer fasciger Keys; Wiman, p. 41, pl. 5, figs. 14-16; non pl. 5, figs. 6-13.
1937 Spirifer moosakhailensis Davidson; Stepanov, p. 140, pl. 7, fig. 2; non pl. 7, fig. 1.
1937 Spiriferella keilhavii var. wilczeki (Toula); Stepanov, p. 148, pl. 7, fig. 8.
1937 Spiriferella keilhavii (von Buch); Frebold, p. 46, pl. 11, fig. 9.
1963 Spiriferella keilhavii (von Buch); Gobbett, p. 152, pl. 20, figs. 8-10
Lectotype. When Spirifer wilczecki Toula, 1873 was first proposed, Toula did not select any 
specimen as the type material. The author here selects the specimen figured by Toula, 1873, 
pl. 1, figs. 3a-b (also shown in Figs. 10. 4K-L) as the lectotype. However, the depository of 
this specimen has not been confirmed.
Diagnosis. Shell large for genus, transversely semicircular in outline, with acute to weakly 
alate cardinal extremities. Sulcus shallow, mostly ornamented by median plica and lateral 
costae; fold narrow, highly elevated from lateral slopes, with median groove developing from 
posterior tip. Lateral plicae relatively angular, generally costate and fasciculate. Interarea 
relatively low, nearly flat. 
Material. Forty two registered specimens (DUES-SL233~274), including four conjoined 
shells, thirty four ventral valves, and four dorsal valves, with ten unregistered fragmentary 
specimens, from the Festningen section (FF01), Trygghamna section (TF01), Reinodden 
section (RF01), Ahlstrandodden section (AF01), Idodalen section (IF01), Skansbukta section 
(SAF01), and Skansen section.
271 
Description. Shell medium to large, ranging from 38.0 to 82.4 mm in width and 22.1 to 49.5
mm in length (Fig. 10.10). Outline transversely semicircular; shell width/length ratio variable, 
ranging from 1.337 to 2.275 with average of 1.687. Maximum width at hinge line; cardinal 
extremities acute to weakly alate. 
Ventral valve weakly to moderately convex, with broad umbo and gentle lateral slopes. 
Sulcus narrow to moderately wide, shallow, having weak to distinct median plica and lateral 
costae, starting from beak and anteriorly forming V-shaped commissure line with fold; sulcal 
tongue generally short but occasionally long and geniculated. Ventral interarea relatively low 
and wide, slightly concave; delthyrium triangular, with delthyrial angle around 70 °,
posteriorly covered by pseudodeltidium. Lateral slopes with five to six plicae on each side; 
plicae relatively angular and wide, originating from beak, each plica composed generally of 
three distinct costae (one median costa and two lateral costae) on mid-valve; costae subequal 
in size, rounded, normally appearing at slightly anterior to umbonal region, forming distinct 
fascicles, lateral costae bifurcating on anterior part.
Dorsal valve less to equally convex as ventral valve. Fold narrow, relatively angular, 
highly elevated, with median groove and anteriorly lateral costae; median groove distinct, 
starting at slightly anterior to beak. Plicae on dorsal valve angular, narrower than those of 
ventral valve, with relatively indistinct costae.
Micro-ornamentation composed of faint capillae and concentric growth lamellae rarely 
with minute pustules, but mostly poorly preserved. Shell material strongly thickened in
ventral valve, particularly at posterior area, dorsal valve relatively thin. Interior of both valves 
not preserved.
Remarks. Spirifer wilczecki Toula, 1873 has been regarded as a junior synonym of 
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Figure 10.10. Shell measurements of Timaniella species.
Spiriferella keilhavii (von Buch, 1846) by most previous taxonomical studies (Wiman, 1914;
Stepanov, 1937; Gobbett, 1963; Waterhouse and Waddington, 1982). However, despite the 
possible close relationship between these two species, the former seems to be well 
differentiated from typical Spiriferella keilhavii, as it demonstrates all the key features of 
Timaniella. In particular, its transverse shell and costate plication are nearly identical to those 
in the type species, Timaniella festa Barchatova, 1968. Our Spitsbergen specimens 
representing Timaniella wilczecki also display strong similarities to Timaniella festa, but we 
here separate these two species because the detailed morphology of dorsal fold in the latter 
species has not been confirmed.
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This study has revised the definition of Spiriferella keilhavii, adopting a narrower 
definition than most previous studies based on the original specimens figured by von Buch 
(1846) and Frech (1901). According to our revised diagnosis of Spiriferella keilhavii (p. 244), 
the species differs from Timaniella wilczecki in having a less transverse shell outline, more 
rounded plicae, weak costation, and a weak median groove mostly developed on mid-length 
of the fold anteriorly. Nevertheless, there is considerable similarity between the two species 
in overall pattern of shell plication and costation, as seen in some specimens of Timaniella 
wilczecki from our collection which show a more elongate outline. These ‘more elongated’
specimens may be interpreted as intermediate forms between the two species. If so, 
Timaniella wilczecki may be regarded as a descendant of Spiriferella keilhavii through the 
acquirement of a more transverse outline and posteriorly extended medial groove on the fold 
(Fig. 10.7).
Spiriferina keilhavii figured by Wiman (1914, pl. 2, figs. 25-27, pl. 3, fig. 1) seems to 
be even more similar to Timaniella wilczecki in outline and the dorsal median groove, but 
Wiman’s specimen has more numerous (nine on each side) plicae but each only feebly costate. 
In this regard, Wiman’s specimen may be conspecific with Timaniella aff. T. magniplicata 
(not magniplica) of Angiolini and Long (2008) because both have relatively simple and 
narrow plicae, and further, both of the two species may indicate a possible transition from 
Timaniella wilczecki to T. harkeri through the demise of placation and costation.
Occurrence. Vøringen Member (Artinskian to Kungurian) of the Kapp Starostin Formation 
and possibly older strata in Svalbard.
Timaniella harkeri Waterhouse in Bamber and Waterhouse, 1971
Figs. 9.2, 9.11; Plate 11, Figures 1-33
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1960 Pterospirifer sp. A Harker and Thorsteinsson, p. 69, pl. 21, figs. 1-14.
1971 Timaniella harkeri Waterhouse in Bamber and Waterhouse, p. 220, pl. 26, figs. 10-
22.
1982 Timaniella harkeri Waterhouse; Waterhouse and Waddington, p. 32, pl. 8, figs. 9-18; 
Fig. 21.
Material. Fourteen specimens (GSC26406-SL007~020) including four conjoined shells and 
ten ventral valves from the GSC locality 26406 at the Lyell River section.
Description. Shell medium in size, ranging from 19.8 to 53.4 mm in width and 12.2 to 32.4 
mm in length (Fig. 10.10). Outline transversely pentagonal, with width/length ratio ranging 
from 1.491 to 2.356, generally becoming more transverse in adult stages. Hinge line 
corresponding to maximum width; cardinal extremities relatively rounded in early growth 
stages but acute to alate in adults.
Ventral valve moderately convex, with maximum convexity at umbo. Sulcus narrow 
and shallow, weakly costate, with median groove, originating near beak; sulcal tongue mostly 
short, anteriorly forming very gentle commissure line. Ventral interarea relatively wide and 
high (occupying around one third of ventral length), slightly concave, vertically striated; 
delthyrium triangular with delthyrial angle of 50° to 60°, posteriorly covered by convex 
pseudodeltidium; pseudodeltidium fused with apical callus. Later slopes with four to five 
plicae on each side; plicae slightly angular to rounded, weakening laterally, originating from 
beak, each plica with one to three costae; costae rounded, weakly developed. 
Ventral interior with strongly thickened apical callus; teeth relatively strong, supported 
by short and low dental plates, dental flanges relatively large, divergent, ventral adminicula
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very low and usually buried by secondary thickening. Ventral muscle area semicircular and 
large (occupying comprising around two third of valve length), posteriorly bounded with 
thickened callus and adminicula, comprising narrow adductor scars medially located and 
wide and laterally located diductor scars; vascular markings radially developed around 
muscle area with numerous pits.
Dorsal valve less convex to ventral valve. Fold moderately wide, relatively low and flat, 
with median groove on crest, but without lateral costae; median groove distinctly developed, 
starting near beak. Plicae and costae on dorsal valve same as those on ventral valve. Dorsal 
interior with low crural plates and subhorizontal socket plates. Spiralia developed 
posterolaterally, with 17 whorls in each side (Fig. 9.2, 9.11).
Micro-ornamentation mostly indicated by growth lamellae, particularly on anterior of 
valve. Shell material strongly thickened in ventral valve, dorsal valve relatively thin.
Remarks. The present species seems to be well matched with Timaniella in general 
morphological features including the strongly transverse outline, plicate shell surface with 
costation, and distinct median groove on fold. Nevertheless, it displays several characteristics 
that distinctly separate it from other species of Timaniella (T. festa and T. wilczecki), such as
simple to weakly costate lateral plicae, a median groove on sulcus instead of median plica, 
and absence of costation on fold. Timaniella convexa Shi and Waterhouse, 1996 from 
northern Yukon, Canada is identical to this species in the characteristics. As discussed above, 
Timaniella convexa seems to have originated from other spiriferellid rather than from the 
genuine Timaniella. If this scenario is followed, it implies that Timaniella harkeri might also 
have evolved from a different lineage. However, as discussed above, there are specimens that 
show a transition between Timaniella harkeri and T. wilczecki (as well as T. festa), supporting 
a close relationship between these two species. One example of this possible transitional form 
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is illustrated by the specimen figured as Spiriferina keilhavii figured by Wiman (1914, pl. 2, 
figs. 25-27, pl. 3, fig. 1). This material has relatively simple lateral plicae, similar to those of 
Timaniella harkeri, but a fold with lateral costae like in T. wilczecki.
On the other hand, the strongly thickened apical callus and convexly developed 
structure occupying, at least, the posterior part of delthyrium in Timaniella harkeri suggests 
considerable similarities to Trigonotreta König, 1825. Kalashnikov (1998) had previously 
noted the strong similarity between Timaniella and Trigonotreta, and regarded Timaniella as a 
trigonotretin genus. However, trigonotretin genera do not have pusutules on their shell 
surface, which is a feature unique to all spiriferellids including Timaniella.
Occurrence. Roadian to Wordian strata in Northern Yukon, Canada; Assistance Formation 
(Roadian) in Canadian Arctic Archipelago.
Superfamily PAECKELMANELLOIDEA Ivanova, 1972
Family STROPHOPLEURIDAE Carter, 1974
Subfamily PTEROSPIRIFERINAE Waterhouse, 1975 
Genus PTEROSPIRIFER Dunbar, 1955 
Type species. Spirifer alatus von Schlotheim, 1813.
Pterospirifer cordieri (Robert, 1845)
Plate 12, Figures 1-13
1845 Spirifer cordieri Robert, pl. 19, fig. K.
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1849 Spirifer alatus von Schlotheim var.; de Koninck, p. 638, fig. 5.
1875 Spirifer cf. alatus von Schlotheim; Toula, p.238, pl. 5, figs. 5a-b.
1937 Spirifer cf. alatus von Schlotheim; Frebold, p. 49, pl. 2, fig. 2.
1963 Pterospirifer cordieri (Robert); Gobbett, p. 158, pl. 20, fig. 13; pl. 21, figs. 4-5.
1992 Pterospirifer alatus (von Schlotheim); Nakamura et al., pl. 5, figs. 1-3.
Material. Seventeen specimens (DUES-SL275~291) including two conjoined shells, six 
external moulds and three internal moulds of ventral valve, five external moulds and one 
internal mould of dorsal valve, from the Festningen section (FF12-14) and Trygghamna 
section (TF07-08).
Description. Shell medium sized for genus, ranging from 19.0 to 80.4 mm in width and from 
9.8 to 30.0 in length (Fig. 10.11). Outline strongly transverse, with width/length ratio ranging 
from 1.471 to 3.251, subequally biconvex in lateral profile. Hinge line straight, generally 
coincident with maximum width; cardinal extremities acute in juvenile and generally strongly 
alate in adult.
Ventral valve weakly to moderately convex; umbonal region with maximum convexity; 
ventral beak small, incurved. Sulcus narrow to moderately wide, relatively shallow, 
commonly with thin median costa, beginning from beak, gradually widening and anteriorly
forming V-shaped wide commissure line. Ventral interarea relatively low, slightly concave, 
with horizontal and vertical fine striation, numerous fine denticles developed along hinge line; 
delthyrium triangular, with 50 to 70° delthyrial angle at least partly covered. Lateral slope 
long, nearly flat to gently and gradually inclined, with more than ten costae on each side; 
lateral costae simple, rarely bifurcating in mid-valve, slightly angular to rounded, amplitude 
decreasing laterally, originating from near hinge line, with slightly narrower interspaces. 
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Figure 10.11. Shell measurements of Pterospirifer cordieri (Robert, 1845) and 
Paeckelmanella aff. P. expansa (Tschernyshcew, 1902).
Ventral interior with thickened teeth supported by low and short dental plates; ventral 
adminicula short, slightly divergent; muscle area rounded to longitudinally elliptical, 
occupying a half of valve length, not elevated, having slender adductor scars medially and 
broad diductor scars; vascular markings radially developed, laterally surrounding muscle area; 
median septum absent in adult but sometimes weakly developed in juvenile specimens.
Dorsal valve less convex than ventral valve, with very short dorsal beak; fold narrow, 
subangular to rounded, smooth; lateral slope with costae identical to those on ventral valve. 
Dorsal interarea very low, with numerous small denticle grooves; dorsal floor with thin and 
low myophragm.
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Micro-ornamentation composed of distinct, closely and regularly spaced concentric 
growth lamellae and somewhat fine and weakly developed capillae interrupted by growth 
lamellae (Figs. 10.12A-B).
Remarks. This considerably transverse shell with distinct growth lamellae is strongly 
applicable to the genus Pterospirifer, due to the absence of ventral median septum. Nakamura 
et al. (1992) thought this species from Spitsbergen to be identical with Pterospirifer alatus 
reported from the Late Permian of Zechstein Basin and central east Greenland. However, the 
present species is distinguished from the type species of Pterospirifer in the existence of 
much narrower sulcus and fold and more flattened lateral costae, as indicated by Gobbett 
(1963).
Interestingly, Pterospirifer cordieri presents a transitional form between 
Paeckelmanella and Pterospirifer with Paeckelmanella aff. P. expansa below, strongly 
suggesting that Pterospirifer might be evolved from Paeckelmanella. The possible close 
phylogenetic relationship between these two genera was also discussed by Dunbar (1955), 
who proposed the genus Pterospirifer. Our specimens from Spitsbergen clearly demonstrate 
that the development of ventral median septum was gradually weakened in Paeckelmanella 
aff. P. expansa and, finally, Pterospirifer cordieri lost the ventral median septum. In addition, 
the trace of weak ventral median septum in some juvenile shells Pterospirifer cordieri also 
supports the evolutionary process. 
Pterospirifer cordieri only occurring in the upper part of the Kapp Starostin Formation 
considerably resembles Paeckelmanella aff. P. expansa from the low to middle parts of the 
formation in external features. In particular, the features of micro-ornamentation are strongly 
similar between these two species. However, the latter species generally has a more anteriorly 
elongated median costa on the sulcus as well as broader and fewer lateral costae.
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Figure 10.12. Shell micro-ornamentation of Pterospirifer cordieri (Robert, 1845) (A-B) and 
Paeckelmanella aff. P. expansa (Tschernyshcew, 1902) (C-D).
Occurrence. Upper part of the Kapp Starostin Formation (Guadalupian to Lopingian?) in 
Spitsbergen.
Family PAECKELMANELLIDAE Ivanova, 1972
Subfamily PAECKELMANELLINAE Ivanova, 1972
Genus PAECKELMANELLA Likharev, 1934
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Type species. Spirifer dieneri Tschernyschew, 1902
Paeckelmanella aff. P. expansa (Tschernyschew, 1902)
Plate 12, Figures 14-26
1914 Spiriferina expansa Tschernyschew; Wiman, pl. 34, pl. 2, figs. 15-24.
1937 Spiriferina cf. expansa Tschernyschew; Frebold, p. 44.
1937 Cyrtospirifer (?) kharaulakensis Fredericks; Stepanov, p. 152, pl. 8, figs. 12-14.
1937 Spiriferina (Punctospirifer?) wimani Stepanov, p. 155, 181, pl. 8, figs. 15a-b.
1963 Paeckelmanella aff. expansa (Tscheryschew); Gobbett, p. 156, pl. 21, figs. 1-3; text 
fig. 22.
1992 Paeckelmanella sp. Nakamura et al., pl. 2, figs. 1-7.
Material. Thirty four specimens (DUES-SL292~325) including four conjoined shells, twenty 
two ventral valve, eight dorsal valve, from the Festningen section (FF03, 05), Trygghamna 
section (TF03), Reinodden section (RF06), Ahlstradodden (AF03, 07), and Idodalen section 
(IF03).
Description. Shell relativly large for genus, ranging from 30.0 to 83.0 mm in width and from 
11.2 to 29.9 in length (Fig. 10.11). Outline strongly transverse, with width/length ratio 
ranging from 2.055 to 4.850, anteriorly broadly rounded, biconvex in lateral profile. Greatest 
width always at hinge line; cardinal extremities generally alate in all growth stages.
Ventral valve generally weakly convex; umbonal region slightly swollen; ventral beak 
small, incurved. Sulcus narrow to moderately wide, mostly shallow, commonly with 
anteriorly extending median costa, beginning from beak, gradually widening and anteriorly 
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forming V-shaped commissure line. Ventral interarea relatively low, flat to slightly concave, 
with horizontal and vertical fine striation, numerous fine denticles developed along hinge line; 
delthyrium triangular, with 60 to 70° delthyrial angle at least partly covered. Lateral slope 
long, gently and gradually inclined, with four to six costae on each side; lateral costae broad 
and simple, generally rounded, amplitude decreasing laterally, originating from near hinge 
line, with slightly narrower interspaces. Ventral apical region thickened; dental plates low 
with short ventral adminicula, slightly divergent; muscle area longitudinally elliptical, 
occupying one third of valve length, not elevated, having slender adductor scars medially and 
broad diductor scars, with vertical striations; vascular markings radially developed, laterally 
surrounding muscle area, with small elliptical pits; median septum relatively thin and low, 
distinct in older forms but weakly developed in younger forms.
Dorsal valve equally convex to ventral valve, with very short dorsal beak; fold narrow, 
distinct, subangular to rounded, smooth; lateral slope with costae identical to those on ventral 
valve. Dorsal interarea very low, with numerous small denticle grooves; dorsal floor with 
distinct myophragm.
Micro-ornamentation composed of distinct, closely and regularly spaced concentric 
growth lamellae and fine and weakly developed capillae interrupted by growth lamellae (Figs. 
10.12C-D).
Remarks. The existence of ventral median septum strongly suggests that this species would 
be a species of Paeckelmanella. Of several species, Paeckelmanella expansa (Tschernyschew, 
1902) is mostly close to the present species in having the strongly alate outline, relatively 
weak convexity, and narrow sulcus and fold. However, the typical Paeckelmanella expansa 
has the smaller shell size and fewer costae.
Paeckelmanella calignea Stehli and Grant, 1971 from the Permian of Axel Heiberg 
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Island resembles the present species in having the broad lateral costae and distinct median 
costa on sulcus, but it has the narrower dorsal fold and highly developed ventral median 
septum.
As discussed above, the present species displays that the development of ventral 
median septum weakened across the Permian. The direct ancestor-descendant relationship 
between Paeckelmanella and Pterospirifer requires revising the current classification in
which these two genera are located in different subfamilies simply due to the difference of 
internal structure.
Occurrence. Low to middle parts of the Kapp Starostin Formation (Kungurian to 
Guadalupian) in Spitsbergen.
Order SPIRIFERINIDA Ivanova, 1972
Suborder SPIRIFERINIDINA Ivanova, 1972
Superfamily SYRINGOTHYRIDOIDEA Frederiks, 1926
Family SYRINGOTHYRIDIDAE Frederiks, 1926
Subfamily PERMASYRINXINAE Waterhouse, 1986
Genus PSEUDOSYRINGOTHYRIS Frederiks, 1916
Type species. Pseudosyringothyris karpinskii Frederiks, 1916.
Pseudosyringothyris borealis Gobbet, 1963
Plate 13, Figures 1-7
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1937 Pseudosyrinx? articus Whitefield; Stepanov, p. 153, 181, pl. 9, figs. 1, 4.
1958 Cyrtina septosa (Phillips); Forbes in Forbes et al., p. 475.
1963 Pseudosyrinx arcticus? (Whitefield); Gobbet, p. 172, pl. 23, figs. 4-5.
1963 Pseudosyringothyris borealis Gobbett, p. 174, pl. 22, fig. 28; pl. 24, figs. 1-4.
?1963 Pseudosyringothyris sp. Gobbett, p. 175, pl. 23, fig. 10.
1992 Pseudosyringothyris borealis Gobbett; Nakamura et al., pl. 4, fig. 4.
2008 Pseudosyringothyris borealis Gobbett; Angiolini and Long, p. 98, figs. 11A-C.
Material. Four conjoined shells (DUES-SL326~329) from the Festningen section (FF09) and 
Skansbukta (B) section (SBF01).
Description. Shell large, ranging from 71.8 to 102.3 mm in width, 20.1 to over 29.5 mm in 
length, and 29.8 to 55.2 mm in thickness. Outline very transeverse syringothyriform, with 
width/length ratio ranging from 2.651 to 4.637; biconvex in lateral profile. Hinge line 
stratight, with maximum width; cardinal extremities blunt, but mostly broken.
Ventral valve pyramidal form, much larger and higher than dorsal valve; sulcus smooth, 
starting from beak, posteriorly shallow but deepening and widening anteriorly. Lateral slopes 
broad, gently steep, with eight to over ten low, simple, rounded plicae. Ventral interarea high 
and wide, catacline to slightly apsacline, with horizontal and vertical striations; delthyrium 
triangular, with around 35-40° delthyrial angle; perideltidial areas not confirmed.
Dorsal valve less convex than ventral valve, sometimes strongly curved longitudinally 
forming very narrow lateral profile; umbonal region broad, incurved, generally with 
maximum convexity. Fold smooth, slightly elevated; dorsal lateral plicae same as those of 
ventral valve. Dorsal interarea much lower than that of ventral valve, apsacline. Dorsal 
interior with low median septum anteriorly extending more than two third of valve length.
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Fine growth lamellae only visible as shell micro-ornamentation.
Remarks. This syringothyrisform species was divided into several species of two different 
genera, Pseudosyrinx and Pseudosyringothyris, by Gobbett (1963), although he could have 
only a few specimens. Our specimens can be also distinguished into two slightly differerent 
morphotypes: one with flat ventral interarea and strongly curved dorsal valve (assigned to 
Pseudosyrinx borealis by Gobbett), and the other with slightly concave ventral interarea and 
gently convex dorsal valve (assigned to Pseudosyrinx articus?). Nevertheless, both of them 
share most other external features including the high ventral interarea, simple plicae, 
relatively narrow sulcus and fold, and shallow dorsal median septum, which suggest that they 
belong to the same genus or species and also that their minor differences might reflect some 
ecological or stratigraphical variation. Practically, these two morphotypes are separated by 
different stratigraphic positions in our collection: the former from the Hovtinden Member 
(FF09) and the latter from the Vøringen Member (SBF01) in the Kapp Starostin Formation, 
supporting that their minor external variation would be caused by stratigraphical differences. 
In addition, Angiolini and Long (2008, p. 98, fig. 11) reported the latter form from the 
Vøringen Member of Skansen under the name of Pseudosyringothyris borealis, confirming 
that their specimens have the same internal structures with this species. As the result, all these 
syringothyrisform specimens from the Kapp Starostin Formation would be conspecific, being 
assigned to Pseudosyringothyris borealis. However, all these reports were based on only a 
small number of specimens. Therefore, more detailed explanation for its variation or 
speciation requires further collection of fossil material.
Occurrence. The Kapp Starostin Formation (late Artinskian to Lopingian?) in Spitsbergen.
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Family LICHAREWIIDAE Sliusareva, 1958 
Genus LICHAREWIA Einor, 1939 
Type species. Spirifer stuckenbergi Netschajew, 1900.
Licharewia cf. L. grewingki (Netschajew, 1911)
Plate 13, Figures 8-12; Plate 14, Figures 24-26
1963 Licharewia cf. grewingki (Netschajew); Gobbett, p. 146, pl. 19, figs. 7-9.
1992 Licharewia spitzbergiana Gobbett; Nakamura, pl. 2, figs. 8a-b.
Material. Twenty three specimens (DUES-SL330~352) including three internal moulds of 
conjoined shell, sixteen ventral valves, and four dorsal valve, from the Festningen section 
(FF06), Trygghamna section (TF05), Reinodden section (RF04), Ahlstradodden section 
(AF06), and Idodalen section (IF02, 03).
Description. Shell medium to large for genus, reaching to more than 80 mm in width (Fig. 
10.13). Outline variably transverse, with width/length ratio ranging from 1.732 to 3.544 
(average 2.296); lateral profile biconvex. Hinge line straight, always having maximum width; 
cardinal extremities generally rounded.
Ventral valve moderately convex, with maximum convexity on umbonal region; ventral 
beak moderately incurved. Sulcus smooth, narrow, relatively deep, starting from anterior to 
beak, anteriorly deepening and forming generally uniplicate anterior commissure line; sulcal 
tongue relatively long, sometimes strongly geniculated dorsally. Ventral interarea low to 
287 
Figure 10.13. Shell measurements of Licharewia cf. L. grewingki (Netschajew, 1911).
moderately high, apsacline, bearing fine horizontal striations. Delthyrium triangular, with 
around 50° delthyrial angle. Lateral slope gently steep, with 10 to 15 costae. Costae simple, 
rounded, bounded by narrower interspaces, originating near beak. Ventral interior with stout 
teeth; ventral posterior region thickened by apical callus, stimulating transverse delthyrial 
plate; ventral adminicula strong, slightly diverging anteriorly, posteriorly thickened from 
ventral floor, anterolaterally surrounding muscle area.
Dorsal valve less convex than ventral valve; fold distinctly defined, gently rounded, 
generally simple but sometimes having a few costae. Lateral slopes with costae similar to 
those on ventral valve.
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Micro-ornamentation mostly worn out, but one dorsal valve with fine pustules and 
weakly developed concentric growth lamellae; pustules around 0.05 to 0.10 mm in diameter 
(Plate 14, Figure 26).
Remarks. Gobbett (1963) described three Licharewia species from the Kapp Starostin 
Formation, which include Licharewia spitsbergiana, Licharewia wimani, and Licharewia cf. 
L. grewingki. Of them, the last species is the most similar to our material, which is 
characterised by strongly transverse outline and narrow sulcus. Both Licharewia 
spitsbergiana and Licharewia wimani which were reported only from the Vøringer Member 
in northeastern Spitsbergen have more rounded outline, wider and shallower sulcus, and 
thicker costae than the present species.
As indicated by Gobbett (1963), in spite of its general similarity to Licharewia 
grewingki (Netschajew, 1911) from Russia, the present species is distinguished in having 
fewer costae on lateral slopes. Kalashnikov (1998) also reported Licharewia grewingki from 
the Early Permian of North Timan. However, it is neither similar to the typical Licharewia 
grewingki nor to our material; the Kalashnikov’s species has the similar number of costae 
with our species, but it has a more rounded outline and narrow ventral umbonal region.
Interestingly, a few specimens from our material have a strongly geniculated sulcal 
tongue, which has been also observed in the species of Fasciculatia. It implies that that the 
variation of sucal development might be caused by micro-environmental factors.
The numerous fine pustules observed in a dorsal valve considerably resemble those of 
some spiriferellids. However, capillae, commonly observed in spiriferellids as another micro-
ornamentation, seem to be absent in Licharewia.
Occurrence. Middle part of Kapp Starostin Formation (Kungurian to Lopingian?) in 
Spitsbergen.
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Order RHYNCHONELLIDA Kuhn, 1949 
Superfamily STENOSCISMATOIDEA Oehlert, 1887 
Family STENOSCISMATIDAE Oehlert, 1887
Subfamily STENOSCISMATINAE Oehlert, 1887
Genus STENOSCISMA Conrad, 1839
Type species. Terebratula schlottheimii von Buch, 1834.
Stenoscisma sp.
Plate 14, Figures 1-3
1963 Camerophoria sp. aff. spitzbergiana Stepanov; Gobbett, p. 126, pl. 16, figs. 10-11.
?1992 Stenoscisma sp.; Nakamura et al., pl. 2, figs. 10a-b.
Material. One incomplete conjoined shell (KOPRIF-SL009) from the Scheteligfjellt section 
(SFF06).
Description. Shell medium in size for genus, 38.4 mm wide and 27.9 mm long. Outline 
broadly subtriangular but anteriorly broken, dorsibiconvex in lateral profile. Greatest width at 
anterior part of shell; cardinal extremities rounded.
Ventral valve gently convex, with maximum convexity on umbonal region, gradually 
flattened anteriorly. Ventral beak short, incurved; umbonal region relatively broad. Sulcus 
broad but shallow, originating anterior to umbo, slightly broadening anteriorly, with seven 
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costae. Lateral slopes gently steep, narrower than sulcus, having five costae on each side. 
Costae simple, relatively rounded, broad on sulcus but thinner on lateral slopes, starting from 
anterior to umbonal region, with narrower interspaces. 
Dorsal valve more convex than ventral valve, with swollen dorsal umbonal area; fold 
broad, weakly developed; pattern of costae similar to that of ventral valve. Dorsal interior 
floor with strong median septum.
Remarks. This species is represented by only a fragmentary shell without any detailed 
presentation of internal structure, but the overall characteristic indicates its affinity to the 
genus Stenoscisma, which includes the triangular outline, simple costation, and dorsal median 
septum (probably supporting a camarophorium). In particular, this shell seems to be 
conspecific with Camerophoria sp. aff. spizbergiana reported also from Spitsbergen by 
Gobbett (1963). Our specimen has a slightly wider outline, but it is very similar to Gobbett’s
species in the triangular outline, broad and shallow sulcus, relatively high number of costae. 
Although Gobbett recognised a distinction between the present species from the middle part 
of the Kapp Starostin Formation and Stenoscisma spitzbergiana (Stepanov, 1937) from the 
basal member of the formation, in shell size, development of sulcus, and number of costae, he 
considered that these two species would be closely related or conspecific, due to their 
similarity in internal structure. However, until now the transitional form between these two 
species has not been reported, supporting the separation of the former species.
Stenoscisma sp. figured by Nakamura et al. (1992) considerably resembles the present 
species in the medium-sized shell, weakly developed fold, strong dorsal median septum, and 
relatively high number of costae. However, the species of Nakamura et al. has a relatively 
deep sulcal tongue in the anterior of the shell, which cannot be confirmed in our specimen. 
This species is also comparable with Camerophoria cf. C. multiplicata reported from 
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the Wegener Halvo Formation (Wuchiapingian) of east Greenland by Dunbar (1955), in 
having the weak sulcus and relatively large number of costae. In spite of the similarity, both 
species are represented by a few fragmentary specimens. Therefore, the detailed identification 
will be able to be through further collecting.
Occurrence. Middle part of the Kapp Starostin Formation (Kungurian to Lopingian?) in 
Spitsbergen.
Class STROPHOMENATA Williams et al., 1996
Order PRODUCTIDA Sarytcheva and Sokolskaya, 1959                                                      
Suborder CHONETIDINA Muir-Wood, 1962
Superfamily CHONETOIDEA Bronn, 1862  
Family RUGOSOCHONETIDAE Muir-Wood, 1962
Subfamily SVALBARDINAE Archbold, 1982
Genus LISSOCHONETES Dunbar and Condra, 1932
Type species. Chonetes geinitzianus Waagen, 1884.
Lissochonetes superba (Gobbett, 1963)
Plate 14, Figures 4-8
1902 Chonetes variolata Tschernyschew d’Orbigny; Tschernyschew, p. 597, pl. 27, figs. 
9-11.
1937 Chonetes variolata d’Orbigny; Frebold, p. 12, pl. 9, fig. 8.
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1963 Chonetina superba Gobbett, p. 118, pl. 15, figs. 2-6.
1992 Lissochonetes superba (Gobbett); Nakamura et al., pl. 5, fig. 6.
2005 Lissochonetes superba (Gobbett); Shen et al., p. 251, figs. 6A-Q.
Material. Four incomplete specimens (KOPRIF-SL010~013) including one ventral valve, 
two ventral internal moulds, and one dorsal valve, from the Scheteligfjellt section (SFF04, 06, 
07).
Description. Shell relatively large for genus, ranging from 30.0 to 43.8 mm in width and from 
20.4 to 23.0 mm in length. Outline transversely trapezoidal, with width/length ratio ranging 
from 1.755 to 2.249, concavoconvex in lateral profile. Maximum width at hinge line; ear 
flattened and largely extended; cardinal extremities mostly broken; anterior margin slightly 
truncated; spines along hinge line not observed. External surface of shell finely capillate, 
sometimes with weak concentric growth lines.
Ventral valve gently to moderately convex; umbonal region weakly swollen; sulcus 
shallow, starting from umbonal region, anteriorly gradually broadening and deepening; lateral 
slopes gently inclined. Ventral interior with weakly developed, short median septum only on 
posterior part of valve floor; inner surface radially papillose. 
Dorsal valve weakly concave, with more distinct capillae than ventral valve; fold 
weakly developed, starting from umbonal region. Dorsal interior with fine papillae on 
posterior and anterior marginal parts of valve.
Remarks. Our specimens, represented by its relatively large and weakly convex shell, shallow 
sulcus, and weakly developed ventral median septum, are most comparable with 
Lissochonetes superba originally proposed with Spitsbergen specimens from the middle part 
293 
of Brachiopod Chert (Kapp Starostin Formation) by Gobbett (1963). In spite of the general 
affinity to Lissochonetes superba as the whole, a dorsal valve from our collection (Plate 14, 
Figure 8) demonstrates slightly stronger capillae, which seem to be a genuine shell surface 
ornamentation. It may suggest that our material might be composed of two different species.
Recently, Shen et al. (2005) reported two Dyoros species, Dyoros (Dyoros) mucronata
and Dyoros (Dyoros) spitzbergianus, from the Kapp Starostin Formation, together with 
Lissochonetes superba. These Dyoros species are similar to the present species in general 
outline, relatively narrow sulcus, and short ventral median septum, but the Dyoros species
have more convex ventral valve and deeper sulcus.
A large shell, reported as Chonetina? cf. C. superba from the Tahkandit Limestone 
from Alaska by Brabb and Grant (1971), considerably resembles our specimens in the large 
shell, shallow sulcus, and very weakly capillate surface. However, this Alaskan species seems 
to have the maximum width at the anterior part of valve.
Occurrence. Middle to upper parts of the Kapp Starostin Formation (Kungurian to 
Lopingian?) in Spitsbergen; Cisularian in the Urals and Timan, Russia.
Suborder PRODUCTIDINA Waagen, 1883
Superfamily PRODUCTOIDEA Gray, 1840
Family PRODUCTELLIDAE Schuchert, 1929
Subfamily MARGINIFERINAE Stehli, 1954
Tribe PAUCISPINIFERINI Muir-Wood and Cooper, 1960
Genus ANEMONARIA Cooper and Grant, 1969
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Type species. Anemonaria inflata Cooper and Grant, 1969.
Anemonaria pseudohorrida (Wiman, 1914)
Plate 14, figs. 9-19
1875 Productus horridus Sowerby; Toula, p.232, pl. 4, figs. 2a-d.
1914 Productus pseudohorridus Wiman, p. 74, pl. 17, figs. 1-11.
1917 Productus pseudohorridus Wiman; Grönwalli, p. 586, pl. 29. Figs. 6-10.
1936 Sowerbina pseudohorrida (Wiman); Frederiks, p. 98, pl. 1, figs. 18-21.
1937 Productus (Horridonia) pseudohorridus Wiman; Frebold, p.23, pl. 10, figs. 3-4.
1937 Marginifera involuta Tschernyschew; Frebold, pl. 40, pl. 10, figs. 1-2.
1937 Productus (Horridonia) pseudohorridus Wiman; Stepanov, p. 120, 176, pl. 5, figs. 
5-7.
1937 Productus (Avonia) walcottianus Girty; Stepanov, p. 137, 179, pl. 5, figs. 11a-b.
1937 Productus (Marginifera) sublaeviss King; Stepanov, p. 137, 179, pl. 2, figs. 1-2; pl. 
5, figs. 8-10.
1939 Productus (Horridonia) pseudohorridus? Wiman; Licharew and Einor, p. 54, 206, 
pl. 10, figs. 4-5.
1960 Liosotella pseudohorrida (Wiman); Solomina, p. 38, pl. 5, figs. 1-4.
1963 Liosotella pseudoharrida (Wiman); Gobbett, p. 62, pl. 3, figs. 27-34.
1970 Horridonia pseudohorrida (Wiman); Barchatova, p. 133, pl. 3, fig. 3.
1971 Liostella pseudohorrida (Wiman); Brabb and Grant, p. 15, pl. 1, figs. 1-5, 18-20.
1971 Liostella pseudohorrida (Wiman); Stehli and Grant, p. 510, pl. 62, figs. 18-20, 24-
26; pl. 63, figs. 29-34.
1977 Anemonaria pseudohorrida (Wiman); Sarytcheva, p. 120, pl. 17, figs. 4-5; pl. 18, 
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figs. 1-4; text-figs. 71-72.
2008 Anemonaria pseudohorrida (Wiman); Angiolini and Long, p. 79, fig. 10G.
Material. Four incomplete ventral valves (KOPRIF-SL014~017) from the Scheteligfjellt 
section (SFF02, 04, 08).
Description. Ventral valve small, ranging 25.8 to 31.2 mm in width and 21.1 to 24.4 mm in 
length; outline wider than long, subrectangular to trapezoidal, with extended ears; lateral 
profile moderately curved; cardinal extremities slightly acute. Median sulcus, relatively deep, 
narrow to moderately wide, starting from near beak, shallowing and broadening anteriorly; 
flanks with moderately steep lateral slopes. Spine bases large and distinct at base of flanks, a 
few randomly distributed on venter. External shell surface mostly worn out, but weakly 
costate on anterior part of valve. 
Remarks. As the present species is represented by only four poorly preserved ventral valves 
in our collection, it is difficult to identify its detailed morphological features. Nevertheless, 
several typical features including the small size, very weak costae on the trail, and relatively 
deep median sulcus suggest that this species might be Anemonaria pseudohorrida commonly 
reported species from the Permian Arctic.
This species was regarded as a species of Liosotella Cooper, 1953 (see synonym list), 
but, according to Shi and Waterhouse (1996), Liostella has more elongate outline than 
Anemonaria.
Occurrence. The Kapp Starostin Formation (late Artinskian to Lopingian?) in Spitsbergen;
Kim Fjelde Formation (Artinskian to Capitanina) in Amdrup Land, northeast Greenland; the 
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Early to Middle Permian of Yukon and Arctic Canada; Takhandit Formation (Wordian) in 
Alaska; the Middle Permian of Pai Choi and Novaya Zemlya, Russia.
Subfamily PLICATIFERINAE Muir-Wood and Cooper, 1960
Tribe YAKOVLEVIINI Waterhouse, 1975
Genus YAKOVLEVIA Frederiks, 1925
Type species. Chonetes (Yakovlevia) kaluzinensis Frederiks, 1925.
Yakovlevia duplex (Wiman, 1914)
Plate 14, figs. 20-23
1914 Productus duplex Wiman; p. 65, pl. 14, figs. 3-7.
1937 Productus (Linoproductus) duplex Wiman; Frebold, p. 27, pl. 9, figs. 3, 3a.
1963 Muirwoodia duplex (Wiman); Gobbett, p. 113, pl. 14, figs. 5-6.
1993 Yakovlevia duplex (Wiman); Kalashnikov, p. 62, pl. 16, figs. 5-8.
Material. Two ventral shell fragments (KOPRIF-SL018, 019) from the Scheteligfjellt section 
(SFF02, 04, 08).
Description. Ventral valve large for genus, exceeding more than 50 mm in width; outline 
transversely subrectangular. Lateral profile strongly convex with abrupt geniculation on 
posterior part. Hinge line straight, maximum width at hinge line, with relatively short ears; 
cardinal extremities slightly acute. Umbonal region largely flattened; flanks strongly inclined 
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and lateral slopes deeply steep; median sulcus, broad and moderately deep, originating from 
beak, maintaining width from geniculation area anteriorly. Shell surface covered with 
numerous costae; costae simple, fine, rounded, separated by slightly wider interspaces; spines 
few and indistinct, only observed on anterior part of valve. 
Remarks. These geniculated large shells are comparable with Yakovlevia duplex reported 
from Svalbard from Wiman (1914) and Gobbett (1963), particularly in the moderately wide 
and deep median sulcus and laterally reduced development of ears.
This species differs from Yakovlevia mamatus (Keyserling, 1846) in its large shell and 
stronger sulcus. Yakovlevia impressa (Toula, 1875) which is also known from the Kapp 
Starostin Formation is similar to the present species in having a large shell, but it has a weak 
convexity of shell, gentle geniculation, and more extended ears.
Occurrence. The Kapp Starostin Formation (late Artinskian to Lopingian?) in Spitsbergen.
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Chapter 11. Summary and conclusions
11.1. Main outcomes
The present thesis discussed various topics mainly related to spiriferid brachiopods of
the Permian Arctic area, based on several selected fossil collections from Spitsbergen and 
Arctic Canada. The main outcomes include:
x A total of eighteen brachiopod species have been fully described and figured from 
the Kapp Starostin Formation in Spitsbergen and from the Assistance Formation in
Devon Island, Arctic Canada.
x The Permian brachiopod fauna from the Kapp Starostin Formation is divided into 
three, potentially more, distinct brachiopod assemblages broadly corresponding to 
the brachiopod biozones of Nakamura et al. (1987, 1992). The establishment of 
these brachiopod assemblages is related to both their stratigraphic positions as well 
as local environmental controls.
x The age of range of the whole brachiopod fauna from the Kapp Starostin 
Formation is from Artinskian to Capitanian, extending possibly to the early 
Wuchiapingian, whilst the age of the Kapp Starostin Formation itself may span 
even up to the very late Permian in some local areas in Spitsbergen. As such, the 
age of the Kapp Starostin brachiopod fauna would be older than that of the
Wegener Halvø Formation in central east Greenland.
x The brachiopod assemblages from the Kapp Starostin Formation in general have 
closest palaeobiogeographical affinity to those of the Pechora-Timan for Artinskian 
to Kungurian times, but strongest affinity to Greenland and Arctic Canada for the 
Kungurian to Capitanian interval. This change in its Permian biogeographical 
affinity over time is interpreted as a consequence of the influence of geographic 
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proximity and ocean currents.
x Each brachiopod assemblage from the Kapp Starostin Formation shows a unique 
association with certain type of lithology, suggesting a possible strong control of 
local environment on the species composition and ecology of the brachiopods in 
each assemblage. Overall, however, all the brachiopod assemblages show strong 
affinities of cool to cold environmental conditions and, hence, support the Permian 
palaeo-position of Spitsbergen in the northern margin of Pangea with a relatively 
high nutrient supply generated by cold bottom upwelling currents.
x A cladistic analysis of Late Palaeozoic spiriferoidean brachiopod genera revealed 
that the neospiriferin genera are neither monophyletic nor paraphyletic. This 
conclusion, albeit preliminary, is significant as it calls into question the currently 
widely used classification of spiriferoidean brachiopod genera.
x Additionally, our cladistic analysis also shows that similar or identical morphology 
achieved among several Permian neospiriferin genera from the middle 
palaeolatitudinal regions of both hemispheres may have resulted from convergent 
evolution; in other words, these so-called bipolarly distributed genera may in fact 
belong to different taxa.
x The three dimensional landmark-based analysis of some neospiriferin species 
indicates that whilst the overall shape of brachiopod shell outlines is relatively 
stable in each species the sulcal development is considerably variable within a 
species. This variation is interpreted here as a reflection of local environmental 
control.
x The application of X-ray microtomography (XMT) to the study of brachiopod 
shells proved to be a very effective technique in revealing brachiopod internal 
structures embedded in rocks without the need to cut these rocks í a sharp contrast 
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to the traditional approach to studying brachiopod internal structures whereby 
shell-bearing rocks had to be cut and polished in serial thin sections leading to the 
total destruction of the shell material. Although it proved to be generally effective, 
the resolution accomplished by the XMT technique strongly depends on the 
mineral composition and texture, as well as the degree of diagenetic alteration of 
the brachiopod shell relative to the infilling sediment matrix within the shell.
11.2. Research perspectives
This thesis provided a considerable amount of new knowledge on the Late Palaeozoic 
brachiopods in general. However, because of logistic reasons and time limitations, the study 
has chosen to focus on one major brachiopod group (spiriferids). As a result, although this 
work has clearly demonstrated the significant utilities of the spiriferids as one taxonomic 
group, for biostratigraphy and palaeoenvironmental interpretations, as well as many other 
related palaeobiological aspects (e.g., cladistic analysis, landmark-based shape analysis, and 
application of X-ray microtomography (XMT) technology), there remain some key questions 
yet to be investigated further in future studies. One of these questions concerns the change in 
biogeographic affinity of Permian Spitsbergen brachiopod fauna, from a predominantly 
warmer-water affinity with strong connections to those in the Timan-Pechora regions in the 
early Cisularian to a largely cool- to cold-water in the Middle and Late Permian. Although 
this change has been linked in this study to significant changes in regional palaeogeography 
and palaeoceanography in northern Pangea across the Early to Middle Permian boundary, 
details of these links are still unclear. Related to this question are also aspects of faunal 
migration and provincialisation across the entire Arctic and beyond throughout the Permian. 
An improved understanding of these questions will help constrain and refine aspects of 
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existing models regarding the evolution of climate, ocean circulations, and geography of the 
Arctic region in the Late Palaeozoic.
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Plate 1
Fasciculatia striatoparadoxa (Toula, 1873)………………………………………………..225
1-5. Ventral, lateral, posterior, dorsal, and anterior views of a conjoined shell, DUES-SL007,
from the Hovtinden Member, Kapp Starostin Formation of Festningen section in
Spitsbergen. 
6. Ventral view of a juvenile ventral valve, DUES-SL022, from the Hovtinden Member, Kapp 
Starostin Formation of Festningen section in Spitsbergen.
7. Dorsal view of a juvenile dorsal valve, DUES-SL031, from the Hovtinden Member, Kapp 
Starostin Formation of the Festningen section in Spitsbergen.
8. Latex cast of a ventral internal mould with dorsal cardinal area, DUES-SL031, from the 
Hovtinden Member, Kapp Starostin Formation of the Festningen section in Spitsbergen.
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Plate 2
Fasciculatia striatoparadoxa (Toula, 1873)………………………………………………..225
1-2. Ventral and ventro-anterior views of a ventral valve with geniculated sulcal tongue, 
DUES-SL015, from the Hovtinden Member, Kapp Starostin Formation of Festningen 
section in Spitsbergen. 
3-4. Ventral and posterior views of an internal mould of a conjoined shell, DUES-SL003,
from the Hovtinden Member, Kapp Starostin Formation of Festningen section in 
Spitsbergen.
5-6. Ventral view of an internal mould of a conjoined shell and its twice magnified posterior 
view showing cardinal area, DUES-SL004, from the Hovtinden Member, Kapp Starostin 
Formation of Festningen section in Spitsbergen.
7. Ventral view of a ventral valve, DUES-SL011, from the Hovtinden Member, Kapp 
Starostin Formation of Festningen section in Spitsbergen.
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Plate 3
Fasciculatia angulata (Waterhouse, 2004)……………………………..…………………..232
1-5. Ventral, dorsal, lateral, posterior, and anterior views of a conjoined shell, GSC26406-
SL001, from GSC26406, Assistance Formation of Lyall River section in Grinnell 
Peninsula, Canada.
6-10. Ventral, dorsal, lateral, posterior, and anterior views of a conjoined shell, GSC26406-
SL002, from GSC26406, Assistance Formation of Lyall River section in Grinnell 
Peninsula, Canada.
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Plate 4
Fasciculatia groenwalli (Dunbar, 1962)……………………………………………………236
1-3. Ventral, posterior, and dorsal views of a conjoined shell, DUES-SL032, from the 
Vøringen Member, Kapp Starostin Formation of Trygghamna section in Spitsbergen. 
Fasciculatia angulata (Waterhouse, 2004)……………………………..…………………..232
4-5. Ventral, dorsal, lateral, posterior, and anterior views of a conjoined shell, GSC26406-
SL005, from GSC26406, Assistance Formation of Lyall River section in Grinnell 
Peninsula, Canada.
6-9. Posterior, ventral, dorsal, and anterior views of a conjoined shell, GSC26406-SL006,
from GSC26406, Assistance Formation of Lyall River section in Grinnell Peninsula, 
Canada.
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Plate 5
Spiriferella keilhavii (von Buch, 1846)………………………….………………………….243
1-5. Ventral, lateral, posterior, and anterior views of a conjoined shell, DUES-SL034, from
the Vøringen Member, Kapp Starostin Formation of Skansbukta (A) section in
Spitsbergen.
6-7. Ventral and lateral views of a ventral valve, DUES-SL033, from the Vøringen Member,
Kapp Starostin Formation of Idodalen section in Spitsbergen.
Spiriferella draschei (Toula, 1875)…………………………………………………………249
8. Ventral view of a ventral valve, DUES-SL041, from the Skansen section in Spitsbergen. 
9. Ventral view of a ventral valve, DUES-SL037, from the Kapp Starostin Formation of
Skansbukta (B) section in Spitsbergen.
10-12. Posterior, lateral and ventral views of a ventral valve, DUES-SL035, from the 
Vøringen Member, Kapp Starostin Formation of Skansbukta (B) section in Spitsbergen.
13-14. Lateral and ventral views of a ventral valve, DUES-SL039, from the Kapp Starostin
Formation of Skansbukta (B) section in Spitsbergen.
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Plate 6
Spiriferella draschei (Toula, 1875)…………………………………………………………249
1-4. Ventral, dorsal, posterior, and anterior views of a ventral valve, DUES-SL036, from the 
Kapp Starostin Formation of Skansbukta (B) section in Spitsbergen. 
5-9. Posterior, anterior, lateral ventral, and dorsal views of a ventral valve, DUES-SL038,
from the Kapp Starostin Formation of Skansbukta (B) section in Spitsbergen.
Spiriferella sp.……………………………………………………..………………………..259
10-13. Lateral, ventral, dorsal, and posterior views of a ventral valve, DUES-SL206, from the 
Kapp Starostin Formation of Ahlstrandodden section in Spitsbergen.
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Plate 7
Spiriferella loveni (Diener, 1903)…………………………………….……………………..254
1-3. Ventral, lateral, and posterior views of a ventral valve, DUES-SL143, from the Kapp 
Starostin Formation of Skansbukta (B) section in Spitsbergen. 
4-5. Ventral and anterior views of a ventral valve, DUES-SL153, from the Kapp Starostin
Formation of Skansbukta (B) section in Spitsbergen. 
6-7. Ventral and posterior views of a ventral valve, DUES-SL152, from the Kapp Starostin 
Formation of Skansbukta (B) section in Spitsbergen. 
8-9. Ventral and anterior views of a ventral valve, KOPRIF-SL006, from the Kapp Starostin 
Formation of Scheteligfjellet section in Spitsbergen. 
10. Dorsal view of an internal mould of a conjoined shell, DUES-SL043, from the Kapp 
Starostin Formation of Trygghamna section in Spitsbergen. 
11. Latex cast of an internal mould of a ventral valve, DUES-SL052, from from the 
Hovtinden Member, Kapp Starostin Formation of Festningen section in Spitsbergen. 
12-14. Ventral, dorsal, and posterior views of a ventral valve, DUES-SL156, from the Kapp 
Starostin Formation of Skansbukta (B) section in Spitsbergen. 
15-16. Ventral and posterior views of a ventral valve, DUES-SL163, from the Kapp Starostin 
Formation of Skansbukta (B) section in Spitsbergen. 
17-18. Ventral and anterior views of a ventral valve, DUES-SL160, from the Kapp Starostin 
Formation of Skansbukta (B) section in Spitsbergen.
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19. Ventral view of a posteriorly broken ventral valve, DUES-SL123, from the Kapp 
Starostin Formation of Trygghamna section in Spitsbergen. 
20-21. Posterior and ventral views of a ventral valve, DUES-SL173, from the Kapp Starostin 
Formation of Skansbukta (B) section in Spitsbergen.
22-23. Lateral and ventral views of a ventral valve, DUES-SL164, from the Kapp Starostin
Formation of Skansbukta (B) section in Spitsbergen.
24-26. Ventral, dorsal, and lateral views of an internal mould of a conjoined shell, DUES-
SL044, from the Kapp Starostin Formation of Trygghamna section in Spitsbergen. 
27. Dorsal view of a dorsal valve, DUES-SL203, from the Kapp Starostin Formation of the 
Skansbukta (B) section in Spitsbergen. 
28. Dorsal view of a conjoined shell, DUES-SL046, from the Kapp Starostin Formation of
the Skansbukta (B) section in Spitsbergen. 
29-31. Ventral, dorsal, and anterior views of an internal mould of a conjoined shell (shell 
partly remained), DUES-SL045, from the Kapp Starostin Formation of Ahlstrandodden 
section in Spitsbergen. 
32-33. Posterior and dorsal views of a dorsal valve, DUES-SL179, from from the Hovtinden 
Member, Kapp Starostin Formation of Festningen section in Spitsbergen. 
34. Dorsal views of a dorsal valve, DUES-SL192, from from the Hovtinden Member, Kapp 
Starostin Formation of Festningen section in Spitsbergen. 
35-36. Posterior and dorsal views of a dorsal valve, DUES-SL180, from from the Hovtinden 
Member, Kapp Starostin Formation of Festningen section in Spitsbergen. 
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Plate 8
Spiriferella loveni (Diener, 1903)…………………………………….……………………..254
1-2. Ventral and posterior views of a ventral valve, DUES-SL058, from from the Hovtinden 
Member, Kapp Starostin Formation of Festningen section in Spitsbergen. 
3-5. Lateral, ventral, and posterior views of a ventral valve, DUES-SL059, from from the 
Hovtinden Member, Kapp Starostin Formation of Festningen section in Spitsbergen. 
6-7. Ventral and anterior views of a ventral valve, DUES-SL060, from from the Hovtinden 
Member, Kapp Starostin Formation of Festningen section in Spitsbergen. 
8. Ventral view of a ventral valve, DUES-SL064, from from the Hovtinden Member, Kapp 
Starostin Formation of Festningen section in Spitsbergen. 
9-11. Ventral, lateral, and anterior views of a ventral valve, DUES-SL067, from from the 
Hovtinden Member, Kapp Starostin Formation of Festningen section in Spitsbergen. 
12-13. Lateral and ventral views of a ventral valve, DUES-SL068, from from the Hovtinden 
Member, Kapp Starostin Formation of Festningen section in Spitsbergen. 
14. Ventral view of a ventral valve, DUES-SL066, from from the Hovtinden Member, Kapp 
Starostin Formation of Festningen section in Spitsbergen. 
15-17. Posterior, ventral, and anterior views of a ventral valve, DUES-SL069, from from the 
Hovtinden Member, Kapp Starostin Formation of Festningen section in Spitsbergen. 
18-21. Ventral, dorsal, posterior, and anterior views of a conjoined shell, DUES-SL042, from 
from the Hovtinden Member, Kapp Starostin Formation of Festningen section in 
Spitsbergen. 
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Plate 9
Arcullina polaris (Wiman, 1914)………………………………………..………………….261
1-4. Ventral, lateral, posterior, and anterior views of a ventral valve, DUES-SL224, from the 
Skansen section in Spitsbergen.
5-8. Lateral, ventral, dorsal, and posterior views of a ventral valve, DUES-SL216, from the 
Vøringen Member, Kapp Starostin Formation of Skansbukta (A) section in Spitsbergen.
9-10. Dorsal and lateral views of a dorsal valve, DUES-SL232, from the Vøringen Member,
Kapp Starostin Formation of Skansbukta (A) section in Spitsbergen.
11-12. Ventral, dorsal, and posterior views of a ventral valve, DUES-SL210, from the 
Vøringen Member, Kapp Starostin Formation of Reinodden section in Spitsbergen.
13-16. Ventral, dorsal, posterior, and anterior views of a ventral valve, DUES-SL225, from 
the Skansen section in Spitsbergen. 
17-20. Ventral, lateral, posterior and anterior views of a ventral valve, DUES-SL208, from
Vøringen Member, Kapp Starostin Formation of Festningen section in Spitsbergen.
21. Ventral view of a ventral valve, DUES-SL209, from Vøringen Member, Kapp Starostin 
Formation of Tryogghamna section in Spitsbergen.
22. Ventral view of a ventral valve, DUES-SL213, from Vøringen Member, Kapp Starostin 
Formation of Skansbukta (A) section in Spitsbergen.
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Plate 10
Timaniella wilczecki (Toula, 1873)……………………………………………..…………..269
1-5. Ventral, dorsal, lateral, posterior, and anterior views of a conjoined shell, DUES-SL233,
from the Vøringen Member, Kapp Starostin Formation of Skansbukta (A) section in
Spitsbergen.
6-8. Ventral, posterior, and lateral views of a ventral valve, DUES-SL239, from the Vøringen 
Member, Kapp Starostin Formation of Reinodden section in Spitsbergen.
9-10. Dorsal and posterior views of a dorsal valve, DUES-SL273, from the Vøringen Member,
Kapp Starostin Formation of Skansbukta (A) section in Spitsbergen.
11. Ventral view of a ventral valve, DUES-SL245, from the Vøringen Member, Kapp 
Starostin Formation of Skansbukta (A) section in Spitsbergen.
12. Ventral view of a ventral valve, DUES-SL243, from the Vøringen Member, Kapp 
Starostin Formation of Idodalen section in Spitsbergen.
13. Ventral view of a ventral valve, DUES-SL265, from the Skansen section in Spitsbergen.
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Plate 11
Timaniella hakeri Waterhouse in Waterhouse and Bamber, 1971..........................................273
(all from GSC26406, Assistance Formation of Lyall River section in Grinnell Peninsula, 
Canada)
1-3. Ventral, dorsal, and posterior views of ventral valve, GSC26406-SL011.
4-7. Ventral, dorsal, posterior, anterodorsal views of ventral valve, GSC26406-SL012.
8-10. Ventral, dorsal, and posterior views of ventral valve, GSC26406-SL013.
11-13. Ventral, dorsal, and posterior views of ventral valve, GSC26406-SL014.
14-16. Ventral, dorsal, and posterior views of ventral valve, GSC26406-SL016.
17-19. Ventral, dorsal, and posterior views of ventral valve, GSC26406-SL017.
20-22. Ventral, dorsal, and posterior views of ventral valve, GSC26406-SL018.
23-24. Ventral, dorsal, and posterior views of conjoined shell, GSC26406-SL009.
25-29. Ventral, dorsal, lateral, posterior, and anterior views of conjoined shell, GSC26406-
SL007.
30-33. Lateral, ventral, dorsal, and anterior views of conjoined shell, GSC26406-SL008.
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Plate 12
Pterospirifer cordieri (Robert, 1845)…………………………………………………..…..276
1-2. Ventral and dorsal views of a conjoined shell, DUES-SL275, from the Kapp Starostin 
Formation of Festningen section in Spitsbergen. 
3-6. Ventral, dorsal, posterior, and anterior views of a conjoined shell, DUES-SL276, from 
the Kapp Starostin Formation of Trygghamna section in Spitsbergen.
7. Ventral view of an internal mould of a ventral valve, DUES-SL279, from the Kapp 
Starostin Formation of Festningen section in Spitsbergen. 
8. Dorsal view of an internal mould of a dorsal valve, DUES-SL291, from the Kapp Starostin 
Formation of Festningen section in Spitsbergen. 
9. Latex cast of an external mould of a ventral valve, DUES-SL283, from the Kapp Starostin 
Formation of Trygghamna section in Spitsbergen. 
10. Latex cast of an external mould of a dorsal valve with ventral interarea, DUES-SL284,
from the Kapp Starostin Formation of Trygghamna section in Spitsbergen. 
11. Latex cast of an external mould of a ventral valve, DUES-SL282, from the Kapp Starostin 
Formation of Trygghamna section in Spitsbergen.
12. Latex cast of an external mould of a dorsal valve with ventral beak, DUES-SL289, from 
the Kapp Starostin Formation of Festningen section in Spitsbergen.
13. Latex cast of an external mould of a ventral valve, DUES-SL285, from the Kapp Starostin 
Formation of Trygghamna section in Spitsbergen. 
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Paeckelmanella aff. P. expansa (Tschernyschew, 1902)……………………………………281
14. Latex cast of an external mould of a ventral valve, DUES-SL307, from the Kapp Starostin 
Formation of Festningen section in Spitsbergen. 
15. Latex cast of an internal mould of a ventral valve, DUES-SL305, from the Kapp Starostin 
Formation of Festningen section in Spitsbergen. 
16-17. Posterior and ventral views of an internal mould of a ventral valve, DUES-SL299,
from the Kapp Starostin Formation of Festningen section in Spitsbergen.
18. Ventral view of an internal mould of a ventral valve, DUES-SL301, from the Kapp 
Starostin Formation of Festningen section section in Spitsbergen. 
19-20. Dorsal view of an internal mould of a dorsal valve and latex cast, DUES-SL325, from 
the Kapp Starostin Formation of Festningen section in Spitsbergen. 
21. Dorsal view of an internal mould of a conjoined shell, DUES-SL292, from the Kapp 
Starostin Formation of Festningen section in Spitsbergen. 
22. Posterior view of a conjoined shell, DUES-SL294, from the Kapp Starostin Formation of 
Festningen section in Spitsbergen.
23. Dorsal view of an internal mould of a dorsal valve, DUES-SL318, from the Kapp 
Starostin Formation of Festningen section in Spitsbergen. 
24. Latex cast of an internal mould of a ventral valve showing muscle area, DUES-SL311,
from the Kapp Starostin Formation of Festningen section in Spitsbergen. 
25-26. Dorsal and anterior views of an internal mould of a conjoined shell, DUES-SL295,
from the Kapp Starostin Formation of Trygghamna section in Spitsbergen. 
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Plate 13
Pseudosyringothyris borealis Gobbet, 1963………………………………………………..283
1-3. Posterior, ventral, and dorsal views of a conjoined shell, DUES-SL328, from the Kapp 
Starostin Formation of Skansbukta (B) section in Spitsbergen. 
4-6. Posterior, ventral, and anterior views of a conjoined shell, DUES-SL326, from the Kapp 
Starostin Formation of Festningen section in Spitsbergen.
7. Anterior view of a conjoined shell, DUES-SL329, from the Kapp Starostin Formation of 
Skansbukta (B) section in Spitsbergen. 
Licharewia cf. L. grewingki (Netschajew, 1911)……………………………………………286
8. Ventral view of an internal mould of a ventral valve, DUES-SL335, from the Kapp 
Starostin Formation of Festningen section in Spitsbergen.
9. Dorsal view of a dorsal valve, DUES-SL349, from the Kapp Starostin Formation of 
Ahlstrandodden section in Spitsbergen.
10. Ventral view of a ventral valve, DUES-SL333, from the Kapp Starostin Formation of 
Festningen section in Spitsbergen.
11. Ventral view of an internal mould of a conjoined shell, DUES-SL332, from the Kapp 
Starostin Formation of Festningen section in Spitsbergen.
12. Latex cast of an internal mould of a ventral valve, DUES-SL330, from the Kapp Starostin 
Formation of Festningen section in Spitsbergen.
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Plate 14
Stenoscisma sp.………………………………………………..……………………………289
1-3. Ventral, posterior, and anterior views of a conjoined shell, KOPRI-SL009, from the Kapp 
Starostin Formation of Scheteligfjellet section in Spitsbergen. 
Lissochonetes superba (Gobbett, 1963)…………………………………………………….291
4-5. Ventral and posterior views of an internal mould of a ventral valve, KOPRI-SL012, from 
the Kapp Starostin Formation of Scheteligfjellet section in Spitsbergen. 
6. Ventral view of an internal mould of a ventral valve, KOPRI-SL011, from the Kapp 
Starostin Formation of Scheteligfjellet section in Spitsbergen. 
7. Ventral view of a ventral valve, KOPRI-SL010, from the Kapp Starostin Formation of 
Scheteligfjellet section in Spitsbergen. 
8. Ventral view of a dorsal valve partly showing internal features of valve, KOPRI-SL013, 
from the Kapp Starostin Formation of Scheteligfjellet section in Spitsbergen.
Anemonaria pseudohorrida (Wiman, 1914)……………………….……………………….294
9-11. Lateral, ventral, and posterior views of a ventral valve, KOPRI-SL016, from the Kapp 
Starostin Formation of Scheteligfjellet section in Spitsbergen. 
12-13. Ventral and lateral views of a ventral valve, KOPRI-SL015, from the Kapp Starostin 
Formation of Scheteligfjellet section in Spitsbergen. 
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14-16. Lateral, ventral, and anterior views of a ventral valve, KOPRI-SL017, from the Kapp 
Starostin Formation of Scheteligfjellet section in Spitsbergen. 
17-19. Posterior, ventral, and anterior views of a ventral valve, KOPRI-SL014, from the 
Kapp Starostin Formation of Scheteligfjellet section in Spitsbergen. 
Yakovlevia duplex (Wiman, 1914)…………………………………………………………..296
20-21. Ventral and posterior views of a ventral valve, KOPRI-SL019, from the Kapp 
Starostin Formation of Scheteligfjellet section in Spitsbergen. 
20-21. Ventral and anterior views of a ventral valve, KOPRI-SL018, from the Kapp Starostin 
Formation of Scheteligfjellet section in Spitsbergen. 
Licharewia cf. L. grewingki (Netschajew, 1911)………………………………..………….286
24. Ventral view of a ventral valve, DUES-SL344, from the Kapp Starostin Formation of 
Ahlstrandodden section in Spitsbergen.
25-26. Dorsal view of a dorsal valve and magnified shell micro-ornamentation, DUES-SL351,
from the Kapp Starostin Formation of Idodalen section in Spitsbergen.
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Wv Lv Tv Td Hi Lm Af Au Wv/Lv Tv/Td Hi/Lv Lm/Lv Af/180 Au/180 WvXLv
(mm) (mm) (mm) (mm) (mm) (mm) ( ° ) ( ° ) (cm2)
Brachythyris ovalis 19.9 20.9 6.9 5.1 2.2 130 29 0.952 1.353 0.105 0.722 0.161 4.159 Carter (2006b, fig. 1207.1, lectotype)
B. planulata 35.0 28.0 10.8 8.4 3.0 106 27 1.250 1.286 0.107 0.589 0.150 9.800 Roberts (1971, pl. 52, figs. 25-29, CPC8233)
B. planulata 31.0 24.5 1.265 7.595 Roberts (1971, CPC8231)
B. planulata 28 0.156 Roberts (1971, pl. 52, fig. 19, CPC8227)
B. planulata 27 0.150 Roberts (1971, pl. 52, fig. 21, CPC8229)
B. planulata 30 0.167 Roberts (1971, pl. 52, fig. 22, CPC8230)
Spirifer (Spirifer ) striatus 104.3 58.9 24.5 18.0 6.4 96 35 1.771 1.361 0.109 0.533 0.194 61.433 Carter (2006a, fig. 1165)
S. (S. ) striatus 102.2 60.2 23.0 16.9 10.2 31 1.698 1.361 0.169 0.172 61.524 Archbold and Thomas (1984, figs. 3A-C, I, BMNH434255)
S. (S. ) striatus 68.0 41.2 17.0 11.6 4.2 99 30 1.650 1.466 0.102 0.550 0.167 28.016 Archbold and Thomas (1984, figs. 3D-G, NMVP48618)
S. (S. ) striatus 112.0 69.0 20.4 15.6 7.0 26.0 120 32 1.623 1.308 0.101 0.377 0.667 0.178 77.280 Archbold and Thomas (1984, figs. 1J, 4A-C, NMVP48617)
Latispirifer callytharrensis 116.0 57.3 22.0 18.5 17.0 59 25 2.024 1.189 0.297 0.328 0.139 66.468 Archbold and Thomas (1985, fig. 1, fig. 2A, CPC24292)
L. callytharrensis 118.0 54.0 54 25 2.185 0.300 0.139 63.720 Archbold and Thomas (1985, fig. 2B,D, CPC24293)
L. callytharrensis 19.5 17.5 1.114 Archbold and Thomas (1985, fig. 2C, MUGDF6557)
L. callytharrensis 106.0 54.0 14.0 25.0 1.963 0.259 0.463 57.240 Archbold and Thomas (1985, fig. 3A, D, CPC24294)
L. callytharrensis 114.0 46.5 2.452 53.010 Archbold and Thomas (1985, fig. 3E, MUGDF6560)
L. amplissimus 156.0 48.0 14.0 14.0 12.2 26 3.250 1.000 0.254 0.144 74.880 Archbold and Thomas (1985, fig. 4A-B, CPC24296)
L. amplissimus 54.0 13.0 26.0 0.241 0.481 Archbold and Thomas (1985, fig. 5C, G, CPC24305)
L. amplissimus 112.0 49.5 24.0 62 29 2.263 0.485 0.344 0.161 55.440 Archbold and Thomas (1985, fig. 6C, D, F, CPC24304)
Prospira typa 36.7 18.1 20 2.028 0.111 6.643 Maxwell (1961), Carter (2006a, fig. 1170, 1a, b)
P. typa 30.0 21.0 3.0 7.0 1.429 0.143 0.333 6.300 Maxwell (1954, P. typa table)
P. typa 31.0 19.0 3.0 8.5 1.632 0.158 0.447 5.890 Maxwell (1954, P. typa table)
P. typa 32.0 20.0 3.0 9.0 1.600 0.150 0.450 6.400 Maxwell (1954, P. typa table)
P. typa 31.0 20.0 4.0 1.550 0.200 6.200 Maxwell (1954, P. typa table)
P. typa 30.0 21.0 1.429 6.300 Maxwell (1954, P. typa table)
P. typa 34.0 21.0 5.0 1.619 0.238 7.140 Maxwell (1954, P. typa table)
P. prima 30.0 14.0 4.5 2.143 0.321 4.200 Maxwell (1954, P. prima table)
P. prima 22.0 9.0 2.5 2.444 0.278 1.980 Maxwell (1954, P. prima table)
P. prima 22.0 11.0 3.0 2.000 0.273 2.420 Maxwell (1954, P. prima table)
P. prima 25.0 11.0 2.273 2.750 Maxwell (1954, P. prima table)
P. prima 26.0 13.0 5.0 2.000 0.385 3.380 Maxwell (1954, P. prima table)
P. laurelensis 34.0 17.5 6.9 6.7 110 24 1.943 1.030 0.611 0.133 5.950 Thomas (1971, CPC1541, table 9, plate 2, fig. 8)
P. laurelensis 34.5 18.0 6.8 6.0 3.6 114 28 1.917 1.133 0.200 0.633 0.156 6.210 Thomas (1971, CPC1542, table 9, plate 2, fig. 9)
P. laurelensis 34.5 16.0 6.9 5.9 4.0 124 23 2.156 1.169 0.250 0.689 0.128 5.520 Thomas (1971, CPC1543, table 9, plate 2, fig. 11, holotype)
P. laurelensis 29.0 18.0 7.0 5.2 4.5 156 22 1.611 1.346 0.250 0.867 0.122 5.220 Thomas (1971, CPC1544, table 9, plate 2, fig. 12)
P. laurelensis 30.5 17.5 7.5 5.1 4.0 122 27 1.743 1.471 0.229 0.678 0.150 5.338 Thomas (1971, CPC1545, table 9, plate 2, fig. 13)
P. laurelensis 27.5 15.0 7.1 5.9 108 25 1.833 1.203 0.600 0.139 4.125 Thomas (1971, CPC1546, table 9, plate 2, fig. 10)
P. laurelensis 36.0 18.5 3.5 1.946 0.189 6.660 Thomas (1971, F17870, table 9)
P. laurelensis 25.0 15.0 3.5 1.667 0.233 3.750 Thomas (1971, F17871, table 9)
P. laurelensis 38.5 23.0 4.5 1.674 0.196 8.855 Thomas (1971, F17872, table 9)
Appendix 1. Measurement data of selected specimens for the coding of continuous characters included in cladistic analysis (Chapter 6)
Taxa Material sources (references)
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P. laurelensis 41.0 22.0 1.864 9.020 Thomas (1971, F17873, table 9)
P. laurelensis 34.0 19.0 4.0 1.789 0.211 6.460 Thomas (1971, F17874, table 9)
P. laurelensis 26.7 16.0 3.0 1.669 0.188 4.272 Thomas (1971, F17875, table 9)
P. laurelensis 25.0 17.0 4.0 1.471 0.235 4.250 Thomas (1971, F17876, table 9)
P. laurelensis 28.5 18.5 5.0 1.541 0.270 5.273 Thomas (1971, F17877, table 9)
P. laurelensis 38.0 18.0 2.111 6.840 Thomas (1971, F17878, table 9)
P. laurelensis 34.5 21.5 5.5 1.605 0.256 7.418 Thomas (1971, F17879, table 9)
P. laurelensis 18.5 11.5 2.0 1.609 0.174 2.128 Thomas (1971, F17880, table 9)
P. laurelensis 24.0 15.5 4.0 1.548 0.258 3.720 Thomas (1971, F17881, table 9)
P. laurelensis 26.0 16.5 3.5 1.576 0.212 4.290 Thomas (1971, F17882, table 9)
P. laurelensis 29.0 18.0 4.0 1.611 0.222 5.220 Thomas (1971, F17883, table 9)
P. sp. aff. P. laurelensis 21.5 16.5 5.0 1.303 0.303 3.548 Thomas (1971, CPC1580, table 9, plate 4, fig. 4)
P. sp. aff. P. laurelensis 17.0 12.5 4.0 1.360 0.320 2.125 Thomas (1971, CPC1581, table 9, plate 4, fig. 8)
P. sp. aff. P. laurelensis 22.0 13.0 4.0 26 1.692 0.308 0.144 2.860 Thomas (1971, CPC1582, table 9, plate 4, fig. 7)
P. travesi 37.5 26 0.144 Thomas (1971, CPC1574, table 10A, plate 5, fig. 7)
P. travesi 30.0 22.0 5.0 1.364 0.227 6.600 Thomas (1971, CPC1681, table 10A, plate 29, fig. 1, 9)
P. travesi 29.0 Thomas (1971, F17943, table 10A)
P. travesi 30.0 Thomas (1971, F17944, table 10A)
P. travesi 15.0 11.0 2.5 1.364 0.227 Thomas (1971, F17945, table 10A)
Anthracospirifer birdspringensis 24.0 16.3 3.1 1.472 0.190 3.912 Lane (1963, UCLA34807, table 3)
A. birdspringensis 22.6 15.6 3.4 1.449 0.218 3.526 Lane (1963, UCLA34808, table 3)
A. birdspringensis 15.6 10.9 2.7 1.431 0.248 1.700 Lane (1963, UCLA34809, table 3)
A. birdspringensis 115 25 0.639 0.139 Lane (1963, UCLA34810, plate 44, figs. 4, 7, 10, 11)
A. birdspringensis 28 0.156 Lane (1963, UCLA34811, plate 44, fig. 16)
A. birdspringensis 27 0.150 Lane (1963, UCLA34812, plate 44, fig. 14)
A. opimus 22.9 21.1 4.5 27 1.085 0.213 0.150 4.832 Dunbar and Conrad (1932, plate 41, fig. 10)
A. opimus 25.9 22.2 9.6 8.0 3.9 32 1.167 1.200 0.176 0.178 5.750 Dunbar and Conrad (1932, plate 41, fig. 11)
A. occiduus 36.0 20.5 30 1.756 0.167 7.380 Dunbar and Conrad (1932, plate 41, fig. 12)
A. occiduus 120 0.667 Dunbar and Conrad (1932, plate 41, fig. 13)
A. occiduus 28 0.156 Dunbar and Conrad (1932, plate 41, fig. 15)
A. occiduus 45.2 26.9 1.680 12.159 Dunbar and Conrad (1932, plate 41, fig. 16)
A. curvilateralis 36.0 32.0 5.6 28 1.125 0.175 0.156 11.520 McGugan and May (1965,plate 11, fig. 2)
A. curvilateralis 33.3 26.7 4.1 22 1.247 0.154 0.122 8.891 McGugan and May (1965,plate 11, fig. 7)
A. curvilateralis 34.7 24.0 4.3 25 1.446 0.179 0.139 8.328 McGugan and May (1965,plate 11, fig. 9)
A. curvilateralis 12.7 10.8 1.176 McGugan and May (1965,plate 11, fig. 12)
A. curvilateralis 38.7 24.0 5.3 18.7 1.613 0.221 0.779 9.288 McGugan and May (1965,plate 12, fig. 23)
A. curvilateralis 29.3 20.0 5.3 16.0 1.465 0.265 0.800 5.860 McGugan and May (1965,plate 12, fig. 24)
A. curvilateralis 41.3 28.0 6.7 20.0 1.475 0.239 0.714 11.564 McGugan and May (1965,plate 12, fig. 27)
A. curvilateralis 24.0 16.9 2.9 13.3 1.420 0.172 0.787 4.056 McGugan and May (1965,plate 12, fig. 28)
Purdonella nikitini 54.0 50.0 20.0 16.5 7.0 99 20 1.080 1.212 0.140 0.550 0.111 27.000 Tschernyschew (1902, plate 10, fig. 1); Carter (2006a, fig.1174.3)
P. nikitini 51.0 45.5 17.2 11.0 4.6 128 19 1.121 1.564 0.101 0.711 0.106 23.205 Tschernyschew (1902, plate 10, fig. 2)
P. nikitini 34.5 34.2 13.8 7.1 3.2 133 20 1.009 1.944 0.094 0.739 0.111 11.799 Tschernyschew (1902, plate 13, fig. 2)
P. nikitini 28.0 25.0 10.2 9.8 27 1.120 1.041 0.150 7.000 Ozaki (1931, plate 4, fig. 8)
P. nikitini 32.5 29.0 1.121 9.425 Ozaki (1931, plate 4, fig. 10)
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P. nikitini 33.0 32.6 1.012 10.758 Ozaki (1931, plate 4, fig. 11)
P. nikitini 13.0 11.0 1.182 Ozaki (1931, plate 4, fig. 1)
P. nikitini 29.0 24.0 1.208 6.960 Ozaki (1931, plate 5, fig. 2)
P. nikitini 25.0 21.0 9.0 7.0 28 1.190 1.286 0.156 5.250 Ozaki (1931, plate 5, fig. 3)
P. nikitini 25.0 20.0 28 1.250 0.156 5.000 Ozaki (1931, plate 5, fig. 4)
P. nikitini 23.0 20.0 1.150 4.600 Ozaki (1931, plate 5, fig. 5)
P. nikitini 22.0 19.0 7.2 5.0 1.158 1.440 4.180 Ozaki (1931, plate 5, fig. 6)
P. nikitini 16.0 16.0 6.2 4.0 1.000 1.550 2.560 Ozaki (1931, plate 5, fig. 8)
P. nikitini 37.0 33.0 16.0 12.0 5.0 1.121 1.333 0.152 12.210 Ozaki (1931, plate 6, fig. 3)
P. nikitini 23.2 25.2 9.0 7.0 4.0 23 0.921 1.286 0.159 0.128 5.846 Ozaki (1931, plate 5, fig. 11)
P. kalashnikovi 29.5 31.0 5.0 100 0.952 0.161 0.556 9.145 Poletaev (2006, CMNS2446/94, plate 8, fig. 4)
P. kalashnikovi 27.2 30.0 12.0 5.0 3.0 18 0.907 2.400 0.100 0.100 8.160 Poletaev (2006, plate 8, fig. 6)
P. kalashnikovi 58.0 68.0 27.0 13.0 10.0 88 20 0.853 2.077 0.147 0.489 0.111 39.440 Poletaev (2006, CMNS2446/96, plate 8, fig. 7)
Angiospirifer trigonalis 23.8 19.8 7.7 5.0 3.1 93 36 1.202 1.540 0.157 0.517 0.200 4.712 Dunlop (1962, neotype, plate 64, figs. 1-3)
A. trigonalis 25.0 18.1 1.381 4.525 Dunlop (1962, plate 64, fig. 4)
A. trigonalis 26.6 22.3 7.2 7.0 2.4 32 1.193 1.029 0.108 0.178 5.932 Dunlop (1962, plate 64, figs. 5-7)
A. trigonalis 26.3 22.2 9.0 7.0 3.0 24 1.185 1.286 0.135 0.133 5.839 Dunlop (1962, plate 64, figs. 9-11)
A. trigonalis 18.0 9.2 4.1 3.7 1.1 31 1.957 1.108 0.120 0.172 1.656 Dunlop (1962, plate 64, figs. 12-13)
A. trigonalis 33.0 17.2 7.3 6.2 1.8 31 1.919 1.177 0.105 0.172 5.676 Dunlop (1962, plate 64, figs. 14-16)
A. trigonalis 10.9 7.1 1.535 0.774 Dunlop (1962, plate 64, figs. 17-18)
A. trigonalis 29.9 19.0 9.1 6.2 1.9 90 33 1.574 1.468 0.100 0.500 0.183 5.681 Dunlop (1962, plate 64, figs. 19-23)
A. trigonalis 13.1 10.6 4.3 2.6 1.2 1.236 1.654 0.113 1.389 Dunlop (1962, plate 64, figs. 24-25)
A. trigonalis 34.5 19.3 1.788 6.659 Legrand-Blain (1985, text-fig. 1A)
A. trigonalis 29.8 18.1 1.646 5.394 Legrand-Blain (1985, text-fig. 1B)
A. trigonalis 38.2 19.9 1.920 7.602 Legrand-Blain (1985, text-fig. 1C)
A. trigonalis 19.8 6.6 0.333 Legrand-Blain (1985, text-fig. 1D)
A. trigonalis 15.2 6.4 0.421 Legrand-Blain (1985, text-fig. 2A)
A. trigonalis 19.4 10.9 0.562 Legrand-Blain (1985, text-fig. 2B)
Choristites mosquensis 36.1 41.8 19.9 12.3 5.9 35 0.864 1.618 0.141 0.194 15.090 Ivanova (1960, plate 61, figs. 1a-1c)
C. sowerbyi 45.1 43.4 1.039 19.573 Ivanova (1960, plate 61, fig. 2)
C. sowerbyi 46.8 37.4 5.2 12.5 1.251 0.139 0.334 17.503 Ivanova (1960, plate 61, fig. 3)
C. mosquensis 39.2 41.2 5.0 12.1 0.951 0.121 0.294 16.150 Carter (2006a, fig. 1178, 1c) and Ivanov and Ivanova (1937)
Choristites 48.8 61.9 6.2 19.2 0.788 0.100 0.310 30.207 Sarytcheva and Sokolskaya (1952, fig. 177)
C. inferus 43.8 42.4 5.0 27 1.033 0.118 0.150 18.571 Sarytcheva and Sokolskaya (1952, plate 56, 322)
C. teshevi 48.0 42.9 1.119 20.592 Sarytcheva and Sokolskaya (1952, plate 56, 323)
C. aljutovensis 47.2 41.1 1.148 19.399 Sarytcheva and Sokolskaya (1952, plate 56, 324)
C. priscus 66.2 56.9 1.163 37.668 Sarytcheva and Sokolskaya (1952, plate 56, 325)
C. priscus var. senilis 61.0 64.6 0.944 39.406 Sarytcheva and Sokolskaya (1952, plate 56, 326)
C. uralicus breviculus 73.0 64.1 1.139 46.793 Sarytcheva and Sokolskaya (1952, plate 57, 327)
C. radiculosus 66.6 62.1 1.072 41.359 Sarytcheva and Sokolskaya (1952, plate 57, 328.1)
C. radiculosus 50.2 48.6 1.033 24.397 Sarytcheva and Sokolskaya (1952, plate 57, 328.2)
C. radiculosus var. aurita 65.7 58.2 24.1 17.9 1.129 1.346 38.237 Sarytcheva and Sokolskaya (1952, plate 57, 329)
C. sowerbyi 64.9 65.3 0.994 42.380 Sarytcheva and Sokolskaya (1952, plate 58, 330.1)
C. sowerbyi 44.1 42.2 25.1 13.2 4.1 34 1.045 1.902 0.097 0.189 18.610 Sarytcheva and Sokolskaya (1952, plate 58, 330.2)
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C. sowerbyi var. alata 69.8 66.5 1.050 46.417 Sarytcheva and Sokolskaya (1952, plate 58, 331.1)
C. sowerbyi var. alata 37.6 35.2 1.068 13.235 Sarytcheva and Sokolskaya (1952, plate 58, 331.2)
C. dilatatus 60.2 54.9 1.097 33.050 Sarytcheva and Sokolskaya (1952, plate 58, 335.1)
C. dilatatus 46.1 45.2 20.5 14.2 5.9 30 1.020 1.444 0.131 0.167 20.837 Sarytcheva and Sokolskaya (1952, plate 58, 335.2)
C. solidus 60.3 65.0 0.928 39.195 Sarytcheva and Sokolskaya (1952, plate 59, 333)
C. latiangulatus 49.2 53.9 7.5 32 0.913 0.139 0.178 26.519 Sarytcheva and Sokolskaya (1952, plate 59, 334)
C. loczyi 51.9 55.3 22.9 16.1 6.4 33 0.939 1.422 0.116 0.183 28.701 Sarytcheva and Sokolskaya (1952, plate 59, 338)
C. trigonus 62.8 55.2 24.1 15.9 1.138 1.516 34.666 Sarytcheva and Sokolskaya (1952, plate 60, 336)
C. densicostatus 62.3 55.1 5.3 35 1.131 0.096 0.194 34.327 Sarytcheva and Sokolskaya (1952, plate 60, 337)
C. tashenkensis 64.9 60.8 1.067 39.459 Sarytcheva and Sokolskaya (1952, plate 60, 339)
C. trautscholdi 78.1 65.7 1.189 51.312 Sarytcheva and Sokolskaya (1952, plate 60, 340)
C. jigulensis 77.8 63.2 1.231 49.170 Sarytcheva and Sokolskaya (1952, plate 61, 342.1)
C. jigulensis 37.8 33.4 31 1.132 12.625 Sarytcheva and Sokolskaya (1952, plate 61, 342.2)
C. jigulinoides 77.5 68.1 1.138 52.778 Sarytcheva and Sokolskaya (1952, plate 61, 343)
C. globulosus 84.2 85.5 0.985 71.991 Sarytcheva and Sokolskaya (1952, plate 61, 344)
C. shantungensis 66.9 60.6 1.104 40.541 Sarytcheva and Sokolskaya (1952, plate 62, 345)
C. supramosquensis 45.2 47.1 19.5 16.4 7.0 35 0.960 1.189 0.149 0.194 21.289 Sarytcheva and Sokolskaya (1952, plate 62, 346.1)
C. supramosquensis 48.2 46.0 1.048 22.172 Sarytcheva and Sokolskaya (1952, plate 62, 346.2)
C. supramosquensis var. magna 64.9 58.7 1.106 38.096 Sarytcheva and Sokolskaya (1952, plate 62, 347)
C. norini 56.8 51.1 1.112 29.025 Sarytcheva and Sokolskaya (1952, plate 62, 348)
C. norini var. russiensis 55.6 58.1 7.9 34 0.957 0.136 0.189 32.304 Sarytcheva and Sokolskaya (1952, plate 62, 349)
C. priscus 58.4 50.8 1.150 29.667 Poletaev (2002, neotype of Eichwald, 1840)
C. priscus 58.0 50.0 7.0 1.160 0.140 29.000 Poletaev (2002, 2113/46)
C. priscus 53.5 50.0 18 13.1 8.3 1.070 1.374 0.166 26.750 Poletaev (2002, 2113/49)
C. priscus 54.2 47.4 6.0 1.143 0.127 25.691 Poletaev (2002, 2113/50)
C. priscus 47.5 45.0 5.2 1.056 0.116 21.375 Poletaev (2002, 2113/51)
C. rotayi 52.5 53.5 22.4 14.6 8.0 88 26 0.981 1.534 0.150 0.489 0.144 28.088 Poletaev (2002, holotype 2113/90)
C. rotayi 45.1 40.6 16.9 12.3 1.111 1.374 18.311 Poletaev (2002, 2113/89)
C. rotayi 48.4 50.0 0.968 24.200 Poletaev (2002, 2113/91)
C. vetus 133 0.739 Rotai (1951, pl. 8, 4d)
C. notabilis 96 0.533 Rotai (1951, pl. 9, 1c)
C. notabilis 92 0.511 Rotai (1951, pl. 9, 8c)
C. priscus 91 0.506 Rotai (1951, pl. 13, 1c)
C. priscus var. fischeri 112 0.622 Rotai (1951, pl. 13, 6e)
C. priscus var. 142 0.789 Rotai (1951, pl. 15, 1d)
C. ustinovi 128 0.711 Rotai (1951, pl. 22, 1c)
C. sophiae 82 0.456 Rotai (1951, pl. 22, 2d)
Tangshanella kaipingensis 33.0 30.0 5.5 87 1.100 0.183 0.483 9.900 Chao (1929, pl. 7, figs. 12a-d, type specimen)
T. kaipingiensis 31.0 26.0 11.1 8.9 4.5 84 33 1.192 1.247 0.173 0.467 0.183 8.060 Chao (1929, pl. 7, figs. 13a-d, No. 2004)
T. kaipingiensis 30.0 31 0.172 Chao (1929, pl. 7, fig. 14, No. 2005)
T. kaipingiensis 27.0 23.5 1.149 6.345 Chao (1929, No. 2006)
Imbrexia imbrex 52.2 33 0.183 Carter (1974, pl. 4, figs. 1, 3, type species, AMNH5110-1)
I. imbrex 48.9 31.5 1.552 15.404 Carter (1974, pl. 4, fig. 4, USNM181179)
Imbrexia imbrex var. I. imbrex 67.1 31 0.172 Carter (1974, pl. 4, fig. 2, USNM181178)
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I. imbrex 50.8 32.9 11.8 12.1 3.4 58 28 1.544 0.975 0.103 0.322 0.156 16.713 Carter (1974, pl. 1, figs. 1, 3-7, RX-135)
I. imbrex 29.0 3.1 11.3 0.107 0.390 Carter (1974, pl. 1, fig. 2, USNM181160)
I. imbrex 77.5 38.0 29.450 Carter (2006a, fig. 1882.f)
Neospirifer fasciger 27.8 12.2 0.439 Poletaev (1997, pl. 4, fig. 2), Carter (2006, fig. 1885.1b)
N. fasciger 29 0.161 Poletaev (1997, pl. 4, fig. 3a)
N. fasciger 47.8 28.1 10.1 10.3 2.9 31 1.701 0.981 0.103 0.172 13.432 Poletaev (1997, pl. 4, fig. 4)
N. fasciger 52.2 34.1 1.531 17.800 Poletaev (1997, pl. 4, fig. 5)
N. fasciger 52.2 9.5 10.1 0.941 Poletaev (1997, pl. 4, fig. 6)
N. fasciger 44.2 10.2 10.6 0.962 Poletaev (1997, pl. 4, fig. 7)
N. subfasciger 32.9 27 0.150 Licharew (1934, pl. 1, fig. 11)
N. subfasciger 23.1 32 0.178 Licharew (1934, pl. 1, fig. 13)
N. subfasciger 69.1 48.3 1.431 33.375 Licharew (1934, pl. 4, fig. 1)
N. subfasciger 64.1 39.0 17.1 1.644 0.438 24.999 Licharew (1934, pl. 4, fig. 3)
N. subfasciger 45.5 30.0 1.517 13.650 Licharew (1934, pl. 4, fig. 4)
N. subfasciger 56.2 36.2 1.552 20.344 Licharew (1934, pl. 4, fig. 5)
N. subfasciger 27.8 31 0.172 Licharew (1934, pl. 4, fig. 6)
N. subfasciger 26.1 18.9 1.381 4.933 Licharew (1934, pl. 4, fig. 7)
Cartorhium retusum 46.9 34.0 6.7 1.379 0.197 15.946 Cooper and Grant (1976, pl. 618, figs. 18-19, USNM152929w)
C. retusum 15.7 11.7 4.0 3.1 1.7 26 1.342 1.290 0.145 0.144 1.837 Cooper and Grant (1976, pl. 618, figs. 6-10, USNM152929h)
C. retusum 19.0 15.2 4.0 3.3 3.0 26 1.250 1.212 0.197 0.144 2.888 Cooper and Grant (1976, pl. 618, figs. 11-15, USNM152929k)
C. retusum 32.7 24.0 5.2 1.363 0.217 7.848 Cooper and Grant (1976, pl. 618, figs. 16-17, USNM152929p)
C. retusum 45.0 27 0.150 Cooper and Grant (1976, pl. 618, figs. 20-21, USNM152929x)
C. retusum 45.5 33.0 6.9 1.379 0.209 15.015 Cooper and Grant (1976, pl. 618, figs. 22-23, USNM152929y)
C. retusum 61.8 46.0 9.4 1.343 0.204 28.428 Cooper and Grant (1976, pl. 618, figs. 24-25, USNM154620a)
C. retusum 34.3 31 0.172 Cooper and Grant (1976, pl. 618, figs. 26-27, USNM152929o)
C. retusum 63.0 46.1 10.0 1.367 0.217 29.043 Cooper and Grant (1976, pl. 618, figs. 28-29, USNM152929u)
C. retusum 42.5 31 0.172 Cooper and Grant (1976, pl. 617, figs. 21-22, USNM152929r)
C. retusum 75.9 31 0.172 Cooper and Grant (1976, pl. 617, figs. 25-26, USNM152930b)
C. retusum 25.7 19.2 1.339 4.934 Cooper and Grant (1976, USNM152929m)
C. retusum 49.0 36.6 1.339 17.934 Cooper and Grant (1976, USNM152929s)
C. retusum 60.0 42.0 1.429 25.200 Cooper and Grant (1976, USNM152929t)
C. retusum 72.0 44.3 1.625 31.896 Cooper and Grant (1976, USNM152930a)
C. retusum 60.6 35.0 1.731 21.210 Cooper and Grant (1976, USNM152931)
C. chelomatum 50.0 34.2 5.5 71 34 1.462 0.161 0.394 0.189 17.100 Cooper and Grant (1976, pl. 613, figs. 29-33, USNM151840m)
C. chelomatum 22.8 15.0 5.0 4.2 2.0 26 1.520 1.190 0.133 0.144 3.420 Cooper and Grant (1976, pl. 613, figs. 6-10, USNM151840f)
C. chelomatum 27.3 21.0 3.5 106 1.300 0.167 0.589 5.733 Cooper and Grant (1976, pl. 613, figs. 15-19, USNM151840h)
C. chelomatum 42.5 28.1 5.5 1.512 0.196 11.943 Cooper and Grant (1976, pl. 613, figs. 20-21, USNM151839b)
C. chelomatum 38.0 28 0.156 Cooper and Grant (1976, pl. 613, figs. 24-25, USNM151839d)
C. chelomatum 52.5 41.0 9.0 1.280 0.220 21.525 Cooper and Grant (1976, pl. 613, figs. 34-35, USNM154617a)
C. chelomatum 31.6 21.0 1.505 6.636 Cooper and Grant (1976, USNM151840i)
C. chelomatum 33.7 23.1 1.459 7.785 Cooper and Grant (1976, USNM151840j)
C. chelomatum 35.0 24.2 1.446 8.470 Cooper and Grant (1976, USNM151840k)
C. chelomatum 42.0 27.8 1.511 11.676 Cooper and Grant (1976, USNM151840l)
C. coristum 28.2 22.5 4.5 35 1.253 0.200 0.194 6.345 Cooper and Grant (1976, pl. 613, figs. 36-37, USNM151618a)
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C. coristum 37.5 34 0.189 Cooper and Grant (1976, pl. 613, figs. 38-39, USNM151618b)
C. coristum 32.0 25.0 10.0 7.5 4.7 96 31 1.280 1.333 0.188 0.533 0.172 8.000 Cooper and Grant (1976, pl. 614, figs. 1-5, USNM152919l)
C. coristum 36.0 25.5 9.0 7.5 6.0 99 33 1.412 1.200 0.235 0.550 0.183 9.180 Cooper and Grant (1976, pl. 614, figs. 6-10, USNM152921a)
C. coristum 42.4 30.0 6.0 85 40 1.413 0.200 0.472 0.222 12.720 Cooper and Grant (1976, pl. 614, figs. 11-15, USNM152919n)
C. coristum 46.0 28.8 6.1 87 32 1.597 0.212 0.483 0.178 13.248 Cooper and Grant (1976, pl. 614, figs. 16-20, USNM152919o)
C. coristum 53.9 37.0 16.1 11.7 7.5 80 36 1.457 1.376 0.203 0.444 0.200 19.943 Cooper and Grant (1976, pl. 614, figs. 21-25, USNM152920a)
C. coristum 29.3 21.9 1.338 6.417 Cooper and Grant (1976, 152919k)
C. coristum 39.6 25.5 1.553 10.098 Cooper and Grant (1976, 152919m)
C. coristum 40.8 25.9 1.575 10.567 Cooper and Grant (1976, 152921b)
C. latum 24.7 17.8 6.0 5.5 4.6 28 1.388 1.091 0.258 0.156 4.397 Cooper and Grant (1976, pl. 615, figs. 11-15, USNM152922o)
C. latum 32.2 24.1 9.0 7.5 5.1 28 1.336 1.200 0.212 0.156 7.760 Cooper and Grant (1976, pl. 615, figs. 16-20, USNM152926e)
C. latum 28.6 24.0 9.0 6.5 3.1 28 1.192 1.385 0.129 0.156 6.864 Cooper and Grant (1976, pl. 615, figs. 21-22, USNM152923b)
C. latum 48.5 35.0 13.5 10.0 5.8 117 36 1.386 1.350 0.166 0.650 0.200 16.975 Cooper and Grant (1976, pl. 615, figs. 24-28, USNM152926d)
C. latum 55.5 42.8 15.1 12.0 8.0 112 26 1.297 1.258 0.187 0.622 0.144 23.754 Cooper and Grant (1976, pl. 615, figs. 29-33, USNM152922q)
C. latum 43.0 32.5 5.0 12.1 1.323 0.154 0.372 13.975 Cooper and Grant (1976, pl. 616, figs. 7-8, USNM152923c)
C. latum 49.0 35.5 6.5 13.5 1.380 0.183 0.380 17.395 Cooper and Grant (1976, pl. 616, figs. 9-10, USNM152923d)
C. latum 62.2 45.3 20.0 16.5 8.0 70 30 1.373 1.212 0.177 0.389 28.177 Cooper and Grant (1976, pl. 616, figs. 13-17, USNM152924a)
C. latum 34.1 27.1 9.2 9.0 3.8 101 27 1.258 1.022 0.140 0.561 9.241 Cooper and Grant (1976, pl. 624, figs. 1-5, YPM12504)
C. latum 48.0 36.0 13.0 11.0 11.5 110 1.333 1.182 0.319 0.611 17.280 Cooper and Grant (1976, pl. 624, figs. 6-10, YPM12505)
C. orbiculatum 44.2 31.0 10.5 8.1 4.5 1.426 1.296 0.145 13.702 Cooper and Grant (1976, pl. 617, figs. 7-11, USNM152886c)
C. orbiculatum 44.0 36.2 10.5 10.0 9.0 104 1.215 1.050 0.249 0.578 15.928 Cooper and Grant (1976, pl. 617, figs. 12-16, USNM152886b)
C. orbiculatum 21.1 15.6 1.353 3.292 Cooper and Grant (1976, 152885m)
C. orbiculatum 20.1 15.9 1.264 3.196 Cooper and Grant (1976, 152885n)
C. orbiculatum 23.6 17.0 1.388 4.012 Cooper and Grant (1976, 152885o)
C. orbiculatum 44.4 34.0 1.306 15.096 Cooper and Grant (1976, 152885p)
Costatispirifer gracilis 66.1 88 31 0.489 0.172 Archbold and Thomas (1985, figs. 7A-B, CPC24309)
C. gracilis 79.4 29 0.161 Archbold and Thomas (1985, fig. 7C, CPC24310)
C. gracilis 28 0.156 Archbold and Thomas (1985, figs. 7D-E, CPC24311)
C. gracilis 29.0 6.1 0.210 Archbold and Thomas (1985, fig. 7G, CPC24315)
C. gracilis 30.0 15.5 0.517 Archbold and Thomas (1985, fig. 7J, CPC24317)
C. gracilis 39.0 26 0.144 Archbold and Thomas (1985, fig. 7K, CPC24313)
C. gracilis 76.0 45.0 1.689 34.200 Archbold and Thomas (1985, figs. 7M-N, CPC24318)
Crassispirifer rostalinus 82.1 54.1 22.1 19.2 6.9 84 25 1.518 1.151 0.128 0.467 0.139 44.416 Archbold and Thomas (1985, figs. 9A, B, D, E, G, CPC24322)
C. rostalinus 62.1 33.8 4.3 27 1.837 0.127 0.150 20.990 Archbold and Thomas (1985, figs. 9C, F, CPC24323)
C. rostalinus 92.2 50.0 6.8 105 27 1.844 0.136 0.583 0.150 46.100 Archbold and Thomas (1985, figs. 10A, D, J, CPC24326)
C. rostalinus 78.2 31.1 5.0 102 27 2.514 0.161 0.567 0.150 24.320 Archbold and Thomas (1985, figs. 10C, E, H, CPC24327)
C. pinguis 144.0 65.9 25.5 24.1 8.9 86 23 2.185 1.058 0.135 0.478 0.128 94.896 Archbold and Thomas (1985, figs. 11A-C, 12A-B, UWA27382)
C. pinguis 92.4 48.1 1.921 44.444 Archbold and Thomas (1985, figs. 12C-D, UWA27395)
C. pinguis 109.6 53.7 9.0 80 24 2.041 0.168 0.444 0.133 58.855 Archbold and Thomas (1985, figs. 13A, C, E, CPC24331)
C. pinguis 86.0 33.6 23.6 2.560 0.702 28.896 Archbold and Thomas (1985, figs. 13B, D, UWA27670)
C. pinguis 124.1 53.0 10.1 35.3 2.342 0.191 0.666 65.773 Archbold and Thomas (1985, figs. 14E, F, CPC24330)
C. pinguis 92.0 48.6 5.0 27 1.893 0.103 0.150 44.712 Archbold and Thomas (1985, fig. 14I, UWA27395)
C. kimberleyensis 34.4 19.4 5.9 4.6 3.1 99 27 1.773 1.283 0.160 0.150 6.674 Archbold and Thomas (1985, figs. 14B-D, G-H, GSWA10077)
Fusispirifer nitiensis 104.9 27.7 10.8 8.1 6.5 92 40 3.787 1.333 0.235 0.511 0.222 29.057 Diener (1897), Carter (2006a, fig. 1188.1, syntype)
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F. carnarvonensis 105.2 48.0 15.2 12.1 11.0 86 30 2.192 1.256 0.229 0.478 0.167 50.496 Archbold and Thomas (1987, figs. 1A, D, G. I, MUGDF6608)
F. carnarvonensis 56.4 23.7 2.380 13.367 Archbold and Thomas (1987, fig. 1E, CPC24473)
F. carnarvonensis 30 0.167 Archbold and Thomas (1987, fig. 1F, CPC24474)
F. carnarvonensis 126.2 49.1 9.3 82 33 2.570 0.189 0.456 0.183 61.964 Archbold and Thomas (1987, figs. 2A-C, E, MUGDF6611)
F. carnarvonensis 78.0 28.0 5.5 37 2.786 0.196 0.206 21.840 Archbold and Thomas (1987, fig. 2F, CPC24476)
F. carnarvonensis 45.0 11.9 38 0.264 0.211 Archbold and Thomas (1987, figs. 2G-H, CPC24477)
F. byroensis 87.2 38.5 6.3 117 26 2.265 0.164 0.650 0.144 33.572 Archbold and Thomas (1987, figs. 3A-C, CPC24478)
F. byroensis 108.4 38.9 9.2 122 38 2.787 0.237 0.678 0.211 42.168 Archbold and Thomas (1987, figs. 3E, F, H, CPC24480)
F. byroensis 80.2 35.1 9.1 21.9 2.285 0.259 0.624 28.150 Archbold and Thomas (1987, fig. 3G, MUGDF6612)
F. byroensis 104.5 45.1 9.2 28 2.317 0.204 0.156 47.130 Archbold and Thomas (1987, figs. 4A-B, CPC24483)
F. byroensis 48.9 9.9 31 0.202 0.172 Archbold and Thomas (1987, figs. 4C-D, CPC24481)
F. byroensis 37.0 21.2 0.573 Archbold and Thomas (1987, fig. 4E, CPC24482)
F. cundlegoensis 94.0 43.0 12.2 10.1 11.0 140 38 2.186 1.208 0.256 0.778 0.211 40.420 Archbold and Thomas (1987, figs. 5A, D, F, J, UWA88147)
F. cundlegoensis 37.5 17.9 5.5 4.4 2.095 1.250 6.713 Archbold and Thomas (1987, figs 5C, E, UWA88149)
F. cundlegoensis 41.5 21.0 0.506 Archbold and Thomas (1987, fig. 5K, UWA28212)
F. quinnaniensis 38.6 11.9 9.8 6.5 128 40 1.214 0.168 0.711 0.222 Archbold and Thomas (1987, figs. 6A-D, UWA27035)
F. quinnaniensis 28.2 4.9 142 30 0.174 0.789 0.167 Archbold and Thomas (1987, figs. 6E-H, UWA27078a)
F. quinnaniensis 26.4 4.5 37 0.170 0.206 Archbold and Thomas (1987, figs. 6I-J, UWA27078b)
F. quinnaniensis 25.0 6.9 10.9 0.276 0.436 Archbold and Thomas (1987, fig. 6M, UWA27064a)
F. wandageensis 152.0 49.2 16.1 11.2 9.4 112 30 3.089 1.438 0.191 0.622 0.167 74.784 Archbold and Thomas (1987, figs. 7A-D, CPC24484)
F. wandageensis 131.8 51.4 12.1 38 2.564 0.235 0.211 67.745 Archbold and Thomas (1987, fig. 8A, UWA27455)
F. wandageensis 169.2 62.5 17.0 33 2.707 0.272 0.183 105.750 Archbold and Thomas (1987, figs. 8B-C, UWA27448)
F. wandageensis 46.5 12.1 27.1 0.260 0.583 Archbold and Thomas (1987, figs. 9A-B, CPC24485)
F. wandageensis 109.5 49.0 8.5 29 2.235 0.173 0.161 53.655 Archbold and Thomas (1987, figs. 10A-B, UWA27499)
F. kennediensis 36.5 11.1 18.9 0.304 0.518 Archbold and Thomas (1987, fig. 11A, UWA28385)
F. kennediensis 110.0 44.6 8.8 36 2.466 0.197 0.200 49.060 Archbold and Thomas (1987, figs. 11B, H, CPC24491)
Gypospirifer nelsoni 89.5 51.5 8.5 78 32 1.738 0.165 0.433 0.178 46.093 Cooper and Grant (1976, pl. 591, figs. 6-9, USNM111919a)
G. neisoni 86.0 55.0 1.564 47.300 Cooper and Grant (1976, USNM111919b)
G. anancites 53.0 34.5 6.3 97 36 1.536 0.183 0.539 0.200 18.285 Cooper and Grant (1976, pl. 593, figs. 16-20, USNM152895c)
G. anancites 52.0 34.9 12.2 10.5 4.5 32 1.490 1.162 0.129 0.178 18.148 Cooper and Grant (1976, pl. 593, figs. 22-25, USNM152895f)
G. anancites 24.2 15.0 1.613 3.630 Cooper and Grant (1976, USNM152898a)
G. anancites 32.8 19.7 1.665 6.462 Cooper and Grant (1976, USNM152898b)
G. anancites 55.0 28.8 1.910 15.840 Cooper and Grant (1976, USNM152897)
G. anancites 48.4 29.9 1.619 14.472 Cooper and Grant (1976, USNM152896a)
G. anancites 65.0 38.9 1.671 25.285 Cooper and Grant (1976, USNM152896b)
G. anancites 81.4 45.0 1.809 36.630 Cooper and Grant (1976, USNM152895e)
G. condor 84.5 47.0 17.0 14.8 10.5 86 32 1.798 1.149 0.223 0.478 0.178 39.715 Cooper and Grant (1976, pl. 592, figs. 1-5, USNM154616a)
G. condor 74.0 46.3 17.0 12.0 9.0 80 31 1.598 1.417 0.194 0.444 0.172 34.262 Cooper and Grant (1976, pl. 592, figs. 6-10, USNM154616b)
G. gryphus 75.0 52.0 22.2 16.5 10.5 97 31 1.442 1.345 0.202 0.539 0.172 39.000 Cooper and Grant (1976, pl. 591, figs. 1-5, USNM154615a)
G. gryphus 70.0 45.0 1.556 31.500 Cooper and Grant (1976, USNM154615b)
G. infraplicus 96.6 31 0.172 Cooper and Grant (1976, pl. 602, figs. 17-18, USNM152911e)
G. infraplicus 87.1 30 0.167 Cooper and Grant (1976, pl. 602, fig. 16, USNM152911f)
G. infraplicus 132.8 65.5 2.027 86.984 Cooper and Grant (1976, pl. 602, fig. 15, USNM152911g)
Imperiospira franzjosefi 110.9 88.2 16.0 24.0 7.0 77 40 1.257 0.667 0.079 0.428 0.222 97.814 Archbold and Thomas (1993, figs. 3A-B, 4A, D, UWA27763)
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I. franzjosefi 76.8 55.0 23.9 1.396 0.435 42.240 Archbold and Thomas (1993, fig. 4E, CPC31471)
I. franzjosefi 90.8 73.2 7.4 26.3 1.240 0.101 0.359 66.466 Archbold and Thomas (1993, figs. 5A, B, F, UWA27446a)
I. franzjosefi 67.4 56.7 5.0 32 1.189 0.088 0.178 38.216 Archbold and Thomas (1993, figs. 5D, E, CPC31474)
I. franzjosefi 88.7 61.5 12.0 16.0 6.5 74 34 1.442 0.750 0.106 0.411 0.189 54.551 Archbold and Thomas (1993, figs. 6A, B, D, E, UWA29363)
I. franzjosefi 91.9 66.6 7.0 31.2 1.380 0.105 0.468 61.205 Archbold and Thomas (1993, figs. 7A-B, UWA27446b)
I. dickinsi 75.0 78.1 3.8 0.960 0.049 58.575 Archbold and Thomas (1993, figs. 9A-B, CPC31470)
I. dickinsi 68.2 52.0 15.0 18.0 4.9 36 1.312 0.833 0.094 0.200 35.464 Archbold and Thomas (1993, figs. 9C-E, NMVP120354)
I. dickinsi 66 0.367 Archbold and Thomas (1993, fig. 9G, NMVP120355)
I. dickinsi 18.0 21.0 52 0.857 0.289 Archbold and Thomas (1993, figs. 10A-B, CPC31470)
I. dickinsi 71.1 61.5 1.156 43.727 Archbold and Thomas (1993, fig. 10C, NMVP120356)
I. campbelli 89.6 77.9 4.5 1.150 0.058 69.798 Archbold and Thomas (1993, figs. 11A-B, GSWAF49053)
I. campbelli 72.2 53.5 28 1.350 0.156 38.627 Archbold and Thomas (1993, fig. 11E, GSWAF49055)
I. campbelli 14.5 20.7 0.700 Archbold and Thomas (1993, figs. 12D, E, GSWAF49054)
I. campbelli 28 0.156 Archbold and Thomas (1993, fig. 12G, UWA28098b)
I. campbelli 64 0.356 Archbold and Thomas (1993, figs. 13A-B, D-E, CPC31479)
I. campbelli 92.0 80.0 1.150 73.600 Archbold and Thomas (1993, fig. 13C, CPC31480)
Imperiospira sp. B 72.1 58.4 1.235 42.106 Archbold and Thomas (1993, fig. 14C, CPC31483)
Kaninospirifer kaninensis 100.5 43.5 15.8 20.8 5.3 105 2.310 0.760 0.122 0.583 43.718 Licharew (1943, fig. 1, 10/5969, holotype)
K. kaninensis 82.0 41.0 2.000 33.620 Licharew (1943, fig. 4, 11/5969)
K. kaninensis 81.8 35.0 5.0 119 37 2.337 0.143 0.661 0.206 28.630 Licharew (1943, fig. 3, 12/5969)
K. kaninensis 65.7 27.0 4.8 37 2.433 0.178 0.206 17.739 Licharew (1943, fig. 2, 13/5969)
K. kaninensis 86.0 32.0 11.5 13.6 102 36 2.688 0.846 0.567 0.200 27.520 Grunt (2006, pl. 14, fig. 1, 4900/137)
K. kaninensis 110.3 49.5 19.1 21.0 5.0 76 32 2.228 0.910 0.101 0.422 0.178 54.599 Grunt (2006, pl. 15, figs. 2, 4900/78)
K. kaninensis 65.9 27.2 2.7 12.9 2.423 0.099 0.474 17.925 Dr. Grunt collection, 280/163)
K. kaninensis 34 0.189 Dr. Grunt collection, 280/438)
Lepidospirifer angulatus 44.2 25.6 9.0 8.2 4.9 91 32 1.727 1.098 0.191 0.506 0.178 11.315 Cooper and Grant (1976, pl. 621, figs. 1-5, USNM154629a)
L. angulatus 61.6 32.8 12.1 14 7.5 59 29 1.878 0.864 0.229 0.328 0.161 20.205 Cooper and Grant (1976, pl. 621, figs. 6-10, USNM152940a)
L. angulatus 58.0 30.5 7.0 13.5 1.902 0.230 0.443 17.690 Cooper and Grant (1976, pl. 621, figs. 11-12, USNM151942a)
L. angulatus 28.0 35 Cooper and Grant (1976, pl. 622, fig. 7, USNM154630b)
L. angulatus 44.4 26.0 1.708 11.544 Cooper and Grant (1976, USNM152943a)
L. angulatus 58.3 32.4 1.799 18.889 Cooper and Grant (1976, USNM152942a)
L. angulatus 43.0 26.9 1.599 11.567 Cooper and Grant (1976, USNM152941g)
L. angulatus 51.0 33.7 1.513 17.187 Cooper and Grant (1976, USNM152941h)
L. costellus 51.8 35.0 11.2 12.0 6.7 87 36 1.480 0.933 0.191 0.483 0.200 18.130 Cooper and Grant (1976, pl. 621, figs. 15-19, USNM151832b)
L. costellus 47.6 32.4 5.7 28 1.469 0.176 0.156 15.422 Cooper and Grant (1976, pl. 621, figs. 20-21, USNM151832a)
L. costellus 56.1 39.5 12.5 11.0 7.3 98 1.420 0.185 0.544 22.160 Cooper and Grant (1976, pl. 624, figs. 11-16, YPM12437)
L. demissus 66.3 44.3 14.0 18.0 11.0 70 33 1.497 0.778 0.248 0.389 0.183 29.371 Cooper and Grant (1976, pl. 623, figs. 22-26, USNM151827b)
L. demissus 59.4 40.0 11.2 9.5 7.5 105 30 1.485 1.179 0.188 0.583 0.167 23.760 Cooper and Grant (1976, pl. 623, figs. 17-21, USNM151827c)
L. demissus 34.0 23.1 5.5 91 32 1.472 0.238 0.506 0.178 7.854 Cooper and Grant (1976, pl. 623, figs. 6-10, USNM151821b)
L. demissus 39.5 27.1 7.0 13.5 1.458 0.258 0.498 10.705 Cooper and Grant (1976, pl. 623, figs. 11-12, USNM151821c)
L. demissus 22.0 15.6 1.410 3.432 Cooper and Grant (1976, USNM151822d)
L. demissus 48.9 29.6 1.652 14.474 Cooper and Grant (1976, USNM151822e)
L. demissus 42.0 29.6 1.419 12.432 Cooper and Grant (1976, USNM151822f)
L. demissus 42.6 25.3 1.684 10.778 Cooper and Grant (1976, USNM151828a)
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L. inferus 37.0 27.0 1.370 9.990 Cooper and Grant (1976, pl. 622, figs. 1-3, USNM154632)
L. inferus 50.3 30.7 5.8 13.1 1.638 0.189 0.427 15.442 Cooper and Grant (1976, pl. 622, figs. 5-6, USNM151846t)
L. inferus 25.6 17.5 1.463 4.480 Cooper and Grant (1976, USNM151846n)
L. inferus 30.0 21.9 1.370 6.570 Cooper and Grant (1976, USNM151846o)
L. inferus 36.9 22.6 1.633 8.339 Cooper and Grant (1976, USNM151846q)
L. inferus 42.0 24.0 1.750 10.080 Cooper and Grant (1976, USNM151846r)
Quadrospira plicatus 57.1 40.5 20.2 18.1 3.3 37 26 1.410 1.116 0.081 0.206 0.144 23.126 Archbold and Thomas (1986, figs. 5A-E, CPC24340)
Q. plicatus 63.2 43.1 39 1.466 0.217 27.239 Archbold and Thomas (1986, figs. 5H-I, CPC24342)
Q. plicatus 83.5 54.1 22.9 28 1.543 0.423 0.156 45.174 Archbold and Thomas (1986, figs. 6A, C, CPC24344)
Q. plicatus 76.1 46.1 6.0 27 1.651 0.130 0.150 35.082 Archbold and Thomas (1986, figs. 6E-F, CPC24347)
Q. postplicatus 65.6 38.5 19.0 16.0 3.9 60 26 1.704 1.188 0.101 0.333 0.144 25.256 Archbold and Thomas (1986, figs. 6A-E, CPC24351)
Q. postplicatus 84.2 52.1 5.1 26.8 1.616 0.098 0.514 43.868 Archbold and Thomas (1986, figs. 6F-G, UWA27286)
Q. hardmani 64.0 48.0 21.4 19.2 7.1 50 24 1.333 1.115 0.148 0.278 0.133 30.720 Archbold and Thomas (1986, figs. 1A-E, CPC24338)
Q. hardmani 57.0 36.5 5.1 15.5 1.562 0.140 0.425 20.805 Archbold and Thomas (1986, figs. 1G-H, MUGDF6558)
Q. hardmani 78.0 58.9 1.324 45.942 Archbold and Thomas (1986, fig. 2C, MUGDF6562)
Q. hardmani 66.1 47.8 7.0 1.383 0.146 31.596 Archbold and Thomas (1986, figs. 2D-E, GSWAF154a)
Q. hardmani 54.2 35.5 7.1 18.1 1.527 0.200 0.510 19.241 Archbold and Thomas (1986, figs. 3F-G, GSWAF11202)
Q. hardmani 56.5 40.5 6.1 20.5 1.395 0.151 0.506 22.883 Archbold and Thomas (1986, figs. 3H-I, GSWAF11203)
Q. woolagensis 59.1 42.5 5.0 19.2 80 27 1.391 0.118 0.452 0.444 0.150 25.118 Archbold (1997, figs. 9B-E, UWA34296)
Q. woolagensis 71.5 58.2 25.0 23 1.229 0.430 0.128 41.613 Archbold (1997, figs. 9F-G, 10A, UWA34294)
Q. woolagensis 70.5 10.1 40 22 0.143 0.222 0.122 Archbold (1997, figs. 10B-D, UWA34311)
Q. woolagensis 77.0 52.2 26.1 25 1.475 0.500 0.139 40.194 Archbold (1997, figs. 11A, D, E, CPC34597)
Q. woolagensis 63.3 26.8 26 0.423 0.144 Archbold (1997, figs. 11B-C, UWA31581)
Fasciculatia striatoparadoxa 104.0 65.0 1.600 67.600 Our collection (DUES-SL009)
F. striatoparadoxa 91.0 54.0 1.685 49.140 Our collection (DUES-SL011)
F. striatoparadoxa 88.0 63.0 17.0 13.0 95 23 1.397 1.308 0.528 0.128 55.440 Our collection (DUES-SL005)
F. striatoparadoxa 110.0 57.0 1.930 62.700 Our collection (DUES-SL012)
F. striatoparadoxa 98.0 59.0 1.661 57.820 Our collection (DUES-SL013)
F. striatoparadoxa 72.0 52.0 1.385 37.440 Our collection (DUES-SL006)
F. striatoparadoxa 108.0 58.0 1.862 62.640 Our collection (DUES-SL014)
F. striatoparadoxa 114.0 58.0 1.966 66.120 Our collection (DUES-SL025)
F. striatoparadoxa 97.0 52.0 1.865 50.440 Our collection (DUES-SL026)
F. striatoparadoxa 107.0 61.0 1.754 65.270 Our collection (DUES-SL015)
F. striatoparadoxa 107.0 64.0 1.672 68.480 Our collection (DUES-SL016)
F. striatoparadoxa 94.0 55.0 1.709 51.700 Our collection (DUES-SL017)
F. striatoparadoxa 74.0 49.0 1.510 36.260 Our collection (DUES-SL018)
F. striatoparadoxa 86.0 49.0 1.755 42.140 Our collection (DUES-SL019)
F. striatoparadoxa 60.0 33.0 1.818 19.800 Our collection (DUES-SL023)
F. striatoparadoxa 84.0 49.0 1.714 41.160 Our collection (DUES-SL001)
F. striatoparadoxa 79.0 42.0 1.881 33.180 Our collection (DUES-SL010)
F. striatoparadoxa 75.0 40.0 1.875 30.000 Our collection (DUES-SL024)
F. striatoparadoxa 84.0 50.0 29.0 1.680 0.580 42.000 Our collection (DUES-SL003)
F. striatoparadoxa 76.0 43.0 26.0 1.767 0.605 32.680 Our collection (DUES-SL004)
F. striatoparadoxa 103.0 52.0 1.981 53.560 Our collection (DUES-SL020)
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F. striatoparadoxa 92.0 53.0 1.736 48.760 Our collection (DUES-SL021)
F. striatoparadoxa 96.0 53.0 1.811 50.880 Our collection (DUES-SL027)
F. striatoparadoxa 96.0 53.0 30.0 1.811 0.566 50.880 Our collection (DUES-SL028)
F. striatoparadoxa 64.0 39.0 1.641 24.960 Our collection (DUES-SL002)
F. striatoparadoxa 122.0 72.0 1.694 87.840 Our collection (DUES-SL029)
F. striatoparadoxa 112.0 Our collection (DUES-SL008)
F. striatoparadoxa 70.0 Our collection (DUES-SL030)
F. striatoparadoxa 101.0 61.0 19.2 18.5 82 29 1.656 1.038 0.456 0.161 61.610 Our collection (DUES-SL007)
F. striatoparadoxa 60.0 25.0 0.417 Our collection (F5-002, unregistered)
F. striatoparadoxa 70.5 51.0 16.5 19 6.9 74 27 1.382 0.868 0.135 0.411 0.150 35.955 Dunbar (1955, pl. 23, figs. 1-4, M560)
F. striatoparadoxa 89.1 53.0 17.6 20.5 6.2 83 30 1.681 0.859 0.117 0.461 0.167 47.223 Dunbar (1955, pl. 23, figs. 5-7, pl. 28, figs. 2-3, M2363)
F. striatoparadoxa 82.1 46.0 17.0 18.0 6.0 26 1.785 0.944 0.130 0.144 37.766 Dunbar (1955, pl. 24, figs. 1-2) also Frebold (1931, pl. 5, fig. 1)
F. striatoparadoxa 103.1 61.5 8.6 25 1.676 0.140 0.139 63.407 Dunbar (1955, pl. 24, fig. 3)
F. striatoparadoxa 83.4 55.8 8.0 32.0 1.495 0.14337 0.573 46.537 Dunbar (1955, pl. 24, figs. 4-5, LK20)
F. striatoparadoxa 101.0 59.0 5.0 29 1.712 0.08475 0.161 59.590 Dunbar (1955, pl. 28, figs. 4-5, M2364)
F. angulata 68.0 44.0 17.0 13.0 6.5 45 30 1.545 1.308 0.14773 0.250 0.167 29.920 Our collection (GSC26406-SL001)
F. angulata 67.0 42.0 14.0 13.0 4.0 62 32 1.595 1.077 0.09524 0.344 0.17778 28.140 Our collection (GSC26406-SL002)
F. angulata 62.0 38.0 42 29 1.632 0.233 0.16111 23.560 Our collection (GSC26406-SL003)
F. angulata 62.0 37.0 68 33 1.676 0.378 0.18333 22.940 Our collection (GSC26406-SL004)
F. angulata 91.0 45.0 16.1 13.0 2.022 1.238 40.950 Our collection (GSC26406-SL005)
F. angulata 64.0 36.0 12.2 9.7 6.0 53 29 1.778 1.258 0.16667 0.294 0.16111 23.040 Our collection (GSC26406-SL006)
F. angulata 90.0 43.0 53 29 2.093 38.700 Harker and Thorsteinsson(1960, pl. 19, fig. 6, GSC 13747)
F. angulata 77.0 47.0 6.0 61 31 1.638 0.12766 0.339 0.172 36.190 Harker and Thorsteinsson (1960, pl. 19, figs. 1-3, GSC 13748)
F. angulata 61.0 39.0 1.564 23.790 Harker and Thorsteinsson (1960, GSC 13749)
F. angulata 55.0 41.0 5.0 30 1.341 0.12195 0.167 22.550 Harker and Thorsteinsson (1960, pl. 19, figs. 4, 5, 7, GSC 13750)
F. angulata 57.0 38.0 1.500 21.660 Harker and Thorsteinsson (1960, GSC 13751)
F. groenwalli 90.0 54.0 9.0 26 1.667 0.16667 0.144 48.600 Our collection (DUES-SL032)
F. groenwalli 67.0 39.5 6.0 26 1.6962 0.1519 0.144 26.465 Dunbar (1962, pl. 2, figs. 6-8)
F. groenwalli 78.5 38.5 2.03896 30.223 Gobbett (1963, pl. 17, fig. 7, SME18583)
F. groenwalli 78.0 44.0 7.5 22.5 1.77273 0.170 0.511 34.320 Gobbett (1963, pl. 17, figs. 8-9, SME18588)
Trigonotreta stokesi 62.9 41.8 1.50478 26.292 Clarke (1979, pl. 1, fig. 1, TMF368401)
T. stokesi 64.1 44.4 1.44369 28.460 Clarke (1979, pl. 1, fig. 2, TMF368402)
T. stokesi 51.5 40.8 14.0 6.1 26 1.26225 0.150 0.144 21.012 Clarke (1979, pl. 1, figs. 3-4, BM (NH) B4798)
T. stokesi 47.0 30.0 1.56667 14.100 Clarke (1979, pl. 1, fig. 5, TMF368403)
T. stokesi 52.0 11.1 26.0 0.213 0.500 Clarke (1979, pl. 1, fig. 7, TMF368404)
T. stokesi 55.5 12.5 27.0 0.225 0.486 Clarke (1979, pl. 1, fig. 8, TMF361153)
T. stokesi 60.5 48.8 11.9 28.0 1.240 0.244 0.574 29.524 Clarke (1979, pl. 1, fig. 9, TMF368405)
T. stokesi 62.0 49.0 27.5 1.265 0.561 30.380 Clarke (1979, pl. 2, fig. 1, TMF361200)
T. stokesi 70.0 46.0 25.0 1.522 0.543 32.200 Clarke (1979, pl. 2, fig. 2, TMF368406)
T. stokesi 53.2 44.0 22.5 1.209 0.511 23.408 Clarke (1979, pl. 2, fig. 4, TMF361092)
T. stokesi 22 0.122 Clarke (1979, pl. 2, fig. 4, TMF368407)
T. stokesi 24 0.133 Clarke (1979, pl. 2, fig. 6, TMF361116)
T. hobartensis 53.5 43.0 6.5 30 1.244 0.151 0.167 23.005 Clarke (1979, pl. 3, fig. 1, F44666)
T. hobartensis 67.0 48.7 1.376 32.629 Clarke (1979, pl. 3, fig. 2, TMF368408)
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T. hobartensis 58.5 25.1 21.5 1.167 Clarke (1979, pl. 3, fig. 3, TMF368409)
T. hobartensis 55.0 11.0 30.0 0.200 0.545 Clarke (1979, pl. 3, fig. 6, TMF368412)
T. lyonsensis 80.0 29 0.161 Archbold and Thomas (1986, figs. 15A-B, CPC24363)
T. lyonsensis 62.0 27 Archbold and Thomas (1986, fig. 15E, CPC24366)
T. neoaustralis 62.5 35.5 1.761 22.188 Archbold and Thomas (1986, figs. 16A-C, GSWAF1/4963a)
T. neoaustralis 76.0 44.0 8.0 1.727 0.182 33.440 Archbold and Thomas (1986, figs. 16F-G, GSWAF11205)
T. neoaustralis 78.5 43.5 8.9 1.805 0.205 34.148 Archbold and Thomas (1986, figs. 17A-B, MUGDF6571)
T. neoaustralis 78.0 60 25 0.333 0.139 Archbold and Thomas (1986, figs. 17C,F, MUGDF6572)
T. dickinsi 32.0 23 0.128 Archbold and Thomas (1986, fig. 18A, CPC24370)
T. dickinsi 35.7 22.7 1.573 8.104 Archbold and Thomas (1986, fig. 18B, CPC24371)
T. dickinsi 26.7 18.7 4.0 1.428 0.214 4.993 Archbold and Thomas (1986, fig. 18M, CPC24376)
Aperispirifer wairakiensis 58.0 38.0 1.526 22.040 Waterhouse (1964, pl. 23, fig. 4, BR482, holotype)
A. wairakiensis 24.0 17.5 6.0 1.371 0.343 4.200 Waterhouse (1964, BR818)
A. wairakiensis 28.0 19.0 6.0 1.47368 0.316 5.320 Waterhouse (1964, BR816)
A. wairakiensis 56.0 32.0 14.0 1.750 0.438 17.920 Waterhouse (1964, BR814)
A. wairakiensis 56.5 40.0 18.0 1.413 0.450 22.600 Waterhouse (1964, BR474)
A. wairakiensis 73.0 45.0 70 35 1.622 0.389 0.194 32.850 Waterhouse (1964, pl. 23, figs.8-10, BR468)
A. wairakiensis 35.2 17.0 2.9 8.0 2.07059 0.171 0.471 5.984 Waterhouse (1964, FIG. 61A, BR467)
A. lethamensis 40.2 21.3 20 1.88732 0.111 8.563 Waterhouse (1968, BR1313)
A. lethamensis 62.0 44.5 33 1.39326 0.183 27.590 Waterhouse (1968, BR1310)
A. lethamensis 70.0 49.0 28.5 40 1.42857 0.582 0.222 34.300 Waterhouse (1968, BR1311)
A. lethamensis 79.0 54.5 65 35 1.450 0.361 0.194 43.055 Waterhouse (1968, pl. 4, figs. 1-4,BR1314)
A. lethamensis 64.0 32.0 23 2.000 0.128 20.480 Waterhouse (1968, OU1865)
A. lethamensis 75.0 53.0 32.5 1.415 0.613 39.750 Waterhouse (1968, BR959)
A. lethamensis 80.0 43.0 1.860 34.400 Waterhouse (1968, BR1302)
Spiriferella saranae 34.5 48.0 11.5 0.71875 0.240 16.560 Tschernyschew (1902, pl. 12, figs 4a-c)
S. saranae 21.5 23 0.128 Tschernyschew (1902, pl. 40, fig. 7)
S. salteri 29.5 31.5 8.0 0.937 0.254 9.293 Tschernyschew (1902, pl. 12, figs. 5a-c)
S. salteri 22.0 25.0 6.9 0.880 0.276 5.500 Tschernyschew (1902, pl. 12, figs. 6a-c)
S. keilhavii 50.0 42.0 7.0 1.190 0.167 21.000 Tschernyschew (1902, pl. 40, figs. 1a-c)
S. keilhavii 28.8 30.4 9.0 17.0 0.947 0.296 0.559 8.755 Tschernyschew (1902, pl. 40, fig. 3)
S. saranae 26.5 27.0 0.981 7.155 Waterhouse and Waddington (1982, GSC35584g)
S. saranae 20.0 20.5 0.976 4.100 Waterhouse and Waddington (1982, GSC35588)
S. saranae 29.5 29.0 1.017 8.555 Waterhouse and Waddington (1982, GSC35589)
S. saranae 20.5 19.0 1.079 3.895 Waterhouse and Waddington (1982, GSC35590)
S. saranae 30.0 33.0 0.909 9.900 Waterhouse and Waddington (1982, GSC35591)
S. saranae 24.5 22.5 1.089 5.513 Waterhouse and Waddington (1982, GSC35592)
S. saranae 23.0 22.0 1.045 5.060 Waterhouse and Waddington (1982, GSC26944g)
S. saranae 23.0 22.0 1.045 5.060 Waterhouse and Waddington (1982, GSC35593g)
S. saranae 30.0 25.5 1.176 7.650 Waterhouse and Waddington (1982, GSC35594)
S. saranae 33.0 46.0 9.9 29 0.717 0.215 0.161 15.180 Waterhouse and Waddington (1982, pl. 4, figs. 1-2, GSC30765)
S. saranae 23.0 23.0 1.000 5.290 Waterhouse and Waddington (1982, GSC35596)
S. saranae 17.0 16.0 1.063 2.720 Waterhouse and Waddington (1982, GSC35597)
S. saranae 21.0 19.0 1.105 3.990 Waterhouse and Waddington (1982, GSC35602)
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S. saranae 34.0 37.0 0.919 12.580 Waterhouse and Waddington (1982, GSC26946)
S. saranae 18.5 17.0 1.088 3.145 Waterhouse and Waddington (1982, GSC35604)
S. saranae 16.0 15.5 1.032 2.480 Waterhouse and Waddington (1982, GSC35605)
S. saranae 18.0 19.0 0.947 3.420 Waterhouse and Waddington (1982, GSC35606)
S. saranae 23.0 29.0 0.793 6.670 Waterhouse and Waddington (1982, GSC35607)
S. saranae 29.0 34.5 0.841 10.005 Waterhouse and Waddington (1982, GSC35608)
S. saranae 21.5 21.5 12.0 1.000 0.558 4.623 Waterhouse and Waddington (1982, GSC30769)
S. saranae 14.0 15.0 0.933 2.100 Waterhouse and Waddington (1982, GSC35609)
S. saranae 26.0 30.5 0.852 7.930 Waterhouse and Waddington (1982, GSC35612)
S. saranae 19.0 23.0 0.826 4.370 Waterhouse and Waddington (1982, GSC35615)
S. saranae 17.5 16.5 1.061 2.888 Waterhouse and Waddington (1982, GSC35617g)
S. saranae 16.5 16.0 1.031 2.640 Waterhouse and Waddington (1982, GSC35619)
S. saranae 17.0 17.5 0.971 2.975 Waterhouse and Waddington (1982, GSC35618)
S. saranae 23.0 20.0 9.0 1.150 0.450 4.600 Waterhouse and Waddington (1982, GSC35620)
S. primaeva 28.0 25.0 12.0 1.120 0.480 7.000 Waterhouse and Waddington (1982, ROM28204)
S. primaeva 39.0 31.0 1.258 12.090 Waterhouse and Waddington (1982, ROM28206)
S. primaeva 23.5 23.0 11.0 8.5 1.022 1.294 5.405 Waterhouse and Waddington (1982, GSC35475)
S. primaeva 16.0 17.0 0.941 2.720 Waterhouse and Waddington (1982, GSC35476)
S. primaeva 20.0 21.5 0.930 4.300 Waterhouse and Waddington (1982, GSC35477)
S. primaeva 21.0 19.5 1.077 4.095 Waterhouse and Waddington (1982, GSC35478)
S. yukonensis 25.1 25.8 0.973 6.476 Waterhouse and Waddington (1982, ROM28219)
S. yukonensis 28.0 31.5 6.0 27 0.889 0.190 0.150 8.820 Waterhouse and Waddington (1982, pl. 1, figs. 11-12, ROM28205)
S. yukonensis 22.7 24.8 6.5 31 0.915 0.262 0.172 5.630 Waterhouse and Waddington (1982, pl. 1, figs. 16, ROM28219)
S. yukonensis 31.0 22.0 1.409 6.820 Waterhouse and Waddington (1982, GSC35483)
S. yukonensis 25.0 21.5 1.163 5.375 Waterhouse and Waddington (1982, GSC35484)
S. yukonensis 13.0 14.5 0.897 1.885 Waterhouse and Waddington (1982, GSC35488)
S. yukonensis 16.0 15.0 1.067 2.400 Waterhouse and Waddington (1982, GSC35489)
S. yukonensis 20.5 21.0 0.976 4.305 Waterhouse and Waddington (1982, GSC35493)
S. yukonensis 23.0 21.5 1.070 4.945 Waterhouse and Waddington (1982, GSC35494)
S. yukonensis 20.5 20.8 0.986 4.264 Waterhouse and Waddington (1982, GSC35495)
S. yukonensis 37.0 39.0 0.949 14.430 Waterhouse and Waddington (1982, GSC35722)
S. yukonensis 37.0 40.0 0.925 14.800 Waterhouse and Waddington (1982, GSC35723)
S. pseudodraschei 19.5 16.5 1.182 3.218 Waterhouse and Waddington (1982, GSC35517)
S. pseudodraschei 18.5 16.5 4.2 1.121 0.255 3.053 Waterhouse and Waddington (1982, GSC35518)
S. pseudodraschei 26.2 23.4 11.0 1.120 0.470 6.131 Waterhouse and Waddington (1982, GSC35519)
S. pseudodraschei 20.3 15.0 6.5 1.353 0.433 3.045 Waterhouse and Waddington (1982, GSC35520)
S. pseudodraschei 16.1 15.0 1.073 2.415 Waterhouse and Waddington (1982, GSC35523)
S. pseudodraschei 16.5 21.0 9.2 0.786 0.438 3.465 Waterhouse and Waddington (1982, GSC35528)
S. pseudodraschei 27.3 27.3 15.0 1.000 0.549 7.453 Waterhouse and Waddington (1982, GSC35530)
S. pseudodraschei 20.5 19.8 1.035 4.059 Waterhouse and Waddington (1982, ROM28212)
S. pseudodraschei 16.0 16.3 0.982 2.608 Waterhouse and Waddington (1982, GSC35533)
S. pseudodraschei 19.0 22.5 0.844 4.275 Waterhouse and Waddington (1982, GSC35539)
S. pseudodraschei 31.5 29.5 1.068 9.293 Waterhouse and Waddington (1982, GSC35541)
S. pseudodraschei 21.8 15.0 9.0 1.453 0.600 3.270 Waterhouse and Waddington (1982, GSC35542)
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S. pseudodraschei 20.0 18.5 1.081 3.700 Waterhouse and Waddington (1982, GSC35545)
S. pseudodraschei 18.0 14.7 1.224 2.646 Waterhouse and Waddington (1982, GSC35546)
S. pseudodraschei 17.0 16.0 1.063 2.720 Waterhouse and Waddington (1982, GSC35550)
S. pseudodraschei 23.0 24.0 0.958 5.520 Waterhouse and Waddington (1982, GSC35558)
S. pseudodraschei 28.0 29.5 0.949 8.260 Waterhouse and Waddington (1982, GSC35559)
S. pseudodraschei 22.0 16.0 1.375 3.520 Waterhouse and Waddington (1982, GSC35563)
S. pseudodraschei 18.0 18.0 1.000 3.240 Waterhouse and Waddington (1982, GSC35561)
S. pseudodraschei 21.0 19.5 8.3 1.077 0.426 4.095 Waterhouse and Waddington (1982, GSC35565)
S. pseudodraschei 20.5 18.0 1.139 3.690 Waterhouse and Waddington (1982, GSC35567)
S. pseudodraschei 15.3 13.0 1.177 1.989 Waterhouse and Waddington (1982, GSC35570)
S. pseudodraschei 32.0 37.0 20 0.865 0.111 11.840 Waterhouse and Waddington (1982, pl. 3, fig. 6, GSC35571)
S. pseudodraschei 23.0 21.0 1.095 4.830 Waterhouse and Waddington (1982, GSC35572)
S. pseudodraschei 21.0 20.5 1.024 4.305 Waterhouse and Waddington (1982, GSC35576)
S. pseudodraschei 14.0 11.0 1.273 1.540 Waterhouse and Waddington (1982, GSC35577)
S. pseudodraschei 39.5 36.5 1.082 14.418 Waterhouse and Waddington (1982, GSC30758)
S. pseudodraschei 16.5 25 0.139 Waterhouse and Waddington (1982, pl. 2, fig. 16, GSC35521)
S. pseudodraschei 24.0 27.5 11.5 27 0.873 0.418 0.150 6.600 Waterhouse and Waddington (1982, pl. 2, fig. 19, GSC35537)
S. pseudodraschei 25.2 26.0 5.0 11.2 24 0.969 0.192 0.431 0.133 6.552 Waterhouse and Waddington (1982, pl. 3, fig. 1-2, GSC35525)
S. pseudodraschei 20.7 18.5 7.0 24 1.119 0.378 0.133 3.830 Waterhouse and Waddington (1982, pl. 3, fig. 8, 10, GSC35524)
S. pseudotibetana 33.0 33.0 1.000 10.890 Waterhouse and Waddington (1982, GSC30771)
S. pseudotibetana 30.5 30.3 1.007 9.242 Waterhouse and Waddington (1982, GSC30772)
S. pseudotibetana 20.0 18.5 1.081 3.700 Waterhouse and Waddington (1982, GSC35630)
S. pseudotibetana 13.0 11.0 1.182 1.430 Waterhouse and Waddington (1982, GSC35631)
S. pseudotibetana 28.0 34.0 0.824 9.520 Waterhouse and Waddington (1982, GSC30773)
S. pseudotibetana 16.0 14.5 1.103 2.320 Waterhouse and Waddington (1982, GSC35632)
S. pseudotibetana 22.5 23.0 0.978 5.175 Waterhouse and Waddington (1982, GSC35637)
S. loveni 47.0 53.0 0.887 24.910 Waterhouse and Waddington (1982, GSC35642)
S. loveni 38.0 37.0 13.0 1.027 0.351 14.060 Waterhouse and Waddington (1982, GSC35671)
S. loveni 34.0 31.0 1.097 10.540 Waterhouse and Waddington (1982, GSC35674)
S. loveni 25.0 27.0 0.926 6.750 Waterhouse and Waddington (1982, GSC35675)
S. loveni 48.0 37.0 1.297 17.760 Waterhouse and Waddington (1982, GSC35680)
S. loveni 56.0 39.0 1.436 21.840 Waterhouse and Waddington (1982, GSC35681)
S. loveni 45.0 50.0 0.900 22.500 Waterhouse and Waddington (1982, GSC35683)
S. loveni 37.0 41.0 0.902 15.170 Waterhouse and Waddington (1982, GSC35684)
S. loveni 70.0 54.0 1.296 37.800 Waterhouse and Waddington (1982, GSC35686)
S. loveni 51.5 52.5 0.981 27.038 Waterhouse and Waddington (1982, GSC35687)
S. loveni 54.0 48.0 1.125 25.920 Waterhouse and Waddington (1982, GSC35688)
S. loveni 67.0 57.5 14.0 22 1.165 0.243 0.122 38.525 Waterhouse and Waddington (1982, pl. 6, fig. 1, GSC35689)
S. loveni 64.0 57.0 1.123 36.480 Waterhouse and Waddington (1982, GSC35690)
S. loveni 44.0 39.0 15.5 1.128 0.397 17.160 Waterhouse and Waddington (1982, GSC30789)
S. loveni 52.0 47.5 10.0 104 28 1.095 0.211 0.578 0.156 24.700 Waterhouse and Waddington (1982, pl. 5, figs. 15-17, GSC30786)
S. loveni 12.0 12.5 0.960 1.500 Waterhouse and Waddington (1982, GSC35626)
S. loveni 15.0 15.0 1.000 2.250 Waterhouse and Waddington (1982, GSC35627)
S. loveni 41.0 43.0 0.953 17.630 Waterhouse and Waddington (1982, GSC35650)
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S. loveni 28.0 28.0 1.000 7.840 Waterhouse and Waddington (1982, GSC35694)
S. loveni 41.0 48.0 0.854 19.680 Waterhouse and Waddington (1982, GSC35697)
S. loveni 69.0 57.0 29.0 1.211 0.509 39.330 Waterhouse and Waddington (1982, GSC35700)
S. loveni 53.0 68.5 0.774 36.305 Waterhouse and Waddington (1982, GSC35701
S. loveni 33.0 29.3 1.126 9.669 Waterhouse and Waddington (1982, GSC35707)
S. loveni 26.0 26.0 1.000 6.760 Waterhouse and Waddington (1982, GSC35708)
S. loveni 25.0 26.0 0.962 6.500 Waterhouse and Waddington (1982, GSC35709)
S. loveni 20.0 17.5 1.143 3.500 Waterhouse and Waddington (1982, GSC35710)
S. loveni 24.5 24.0 1.021 5.880 Waterhouse and Waddington (1982, GSC30774)
S. loveni 17.0 14.0 1.214 2.380 Waterhouse and Waddington (1982, GSC35712)
S. loveni 36.0 37.5 0.960 13.500 Waterhouse and Waddington (1982, GSC35713)
S. loveni 27.0 30.0 0.900 8.100 Waterhouse and Waddington (1982, GSC35714)
S. loveni 27.0 33.0 0.818 8.910 Waterhouse and Waddington (1982, GSC27014)
S. loveni 26.0 23.5 1.106 6.110 Waterhouse and Waddington (1982, GSC35717)
S. cf. vojnowskii 42.5 39.5 1.076 16.788 Waterhouse and Waddington (1982, GSC35725)
S. cf. vojnowskii 44.0 40.0 7.0 27 1.100 0.175 0.150 17.600 Waterhouse and Waddington (1982, pl. 7, figs. 12-13, GSC35726)
S. leviplica 50.0 53.0 0.943 26.500 Waterhouse and Waddington (1982, GSC35644)
S. leviplica 41.0 49.0 0.837 20.090 Waterhouse and Waddington (1982, GSC35645)
S. leviplica 57.0 64.0 0.891 36.480 Waterhouse and Waddington (1982, GSC35648)
S. leviplica 54.0 53.0 1.019 28.620 Waterhouse and Waddington (1982, GSC35652)
S. leviplica 51.0 60.0 0.850 30.600 Waterhouse and Waddington (1982, GSC35653)
S. leviplica 44.0 56.0 0.786 24.640 Waterhouse and Waddington (1982, GSC35654)
S. leviplica 36.0 40.0 0.900 14.400 Waterhouse and Waddington (1982, GSC35655)
S. leviplica 52.0 61.5 0.846 31.980 Waterhouse and Waddington (1982, GSC30802)
S. leviplica 60.0 69.0 0.870 41.400 Waterhouse and Waddington (1982, GSC30803)
S. leviplica 50.0 56.0 0.893 28.000 Waterhouse and Waddington (1982, GSC35682)
S. leviplica 39.0 54.5 0.716 21.255 Waterhouse and Waddington (1982, GSC35656)
S. leviplica 27.0 22.0 1.227 5.940 Waterhouse and Waddington (1982, GSC35659)
S. leviplica 31.0 28.0 1.107 8.680 Waterhouse and Waddington (1982, GSC35660)
S. leviplica 45.0 44.0 1.023 19.800 Waterhouse and Waddington (1982, GSC35662)
S. leviplica 32.5 39.0 0.833 12.675 Waterhouse and Waddington (1982, GSC35663)
S. leviplica 29.0 29.0 1.000 8.410 Waterhouse and Waddington (1982, GSC27040)
S. leviplica 32.5 34.0 0.956 11.050 Waterhouse and Waddington (1982, GSC35716)
S. leviplica 44.0 52.0 0.846 22.880 Waterhouse and Waddington (1982, GSC35651)
S. leviplica 20.5 22.0 0.932 4.510 Waterhouse and Waddington (1982, GSC35718)
S. leviplica 33.5 43.0 0.779 14.405 Waterhouse and Waddington (1982, GSC35720)
S. keilhavii 59.0 45.5 1.297 26.845 Waterhouse and Waddington (1982, GSC30799)
S. keilhavii 57.0 50.0 1.140 28.500 Waterhouse and Waddington (1982, GSC30801)
S. keilhavii 46.0 56.5 21.5 16.0 9.0 23 0.814 1.344 0.159 0.128 25.990 Waterhouse and Waddington (1982, pl. 6, figs. 5-7, GSC35653)
S. keilhavii 42.0 53.0 23.0 14.0 9.0 25 0.792 1.643 0.170 0.139 22.260 Waterhouse and Waddington (1982, pl. 6, figs. 8,9,14, GSC30775)
S. keilhavii 37.0 48.0 8.0 26 0.771 0.167 0.144 17.760 Waterhouse and Waddington (1982, pl. 6, figs. 10-11, GSC35645)
S. calcarata 3.0 3.0 1.000 0.090 Cooper and Grant (1976, USNM152948a)
S. calcarata 4.1 3.9 1.051 0.160 Cooper and Grant (1976, USNM152948b)
S. calcarata 5.0 5.0 1.000 0.250 Cooper and Grant (1976, USNM152948c)
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S. calcarata 7.8 7.6 1.026 0.593 Cooper and Grant (1976, USNM152948d)
S. calcarata 9.6 9.0 1.067 0.864 Cooper and Grant (1976, USNM152948e)
S. calcarata 12.8 12.4 1.032 1.587 Cooper and Grant (1976, USNM152948f)
S. calcarata 15.3 15.5 0.987 2.372 Cooper and Grant (1976, USNM152948g)
S. calcarata 17.2 17.7 0.972 3.044 Cooper and Grant (1976, USNM152948h)
S. calcarata 17.9 18.0 0.994 3.222 Cooper and Grant (1976, USNM152948i)
S. calcarata 18.7 18.4 1.016 3.441 Cooper and Grant (1976, USNM152948j)
S. calcarata 21.0 22.0 0.955 4.620 Cooper and Grant (1976, USNM152948k)
S. calcarata 22.1 22.4 0.987 4.950 Cooper and Grant (1976, USNM152948l)
S. calcarata 22.2 22.9 0.969 5.084 Cooper and Grant (1976, USNM152948m)
S. calcarata 23.0 25.0 0.920 5.750 Cooper and Grant (1976, USNM152948n)
S. calcarata 27.9 27.5 1.015 7.673 Cooper and Grant (1976, USNM152948o)
S. calcarata 27.0 30.0 0.900 8.100 Cooper and Grant (1976, USNM152948p)
S. calcarata 41.8 42.5 0.984 17.765 Cooper and Grant (1976, USNM152948q)
S. calcarata 27.0 29.5 6.0 18 0.915 0.203 0.100 7.965 Cooper and Grant (1976, USNM152948s)
S. clypeata 2.8 2.9 0.966 0.081 Cooper and Grant (1976, USNM152950a)
S. clypeata 3.5 3.6 0.972 0.126 Cooper and Grant (1976, USNM152950b)
S. clypeata 4.8 4.2 1.143 0.202 Cooper and Grant (1976, USNM152950c)
S. clypeata 6.2 6.6 0.939 0.409 Cooper and Grant (1976, USNM152950d)
S. clypeata 8.8 8.8 1.000 0.774 Cooper and Grant (1976, USNM152950e)
S. clypeata 11.5 10.0 1.150 1.150 Cooper and Grant (1976, USNM152950f)
S. clypeata 15.4 13.3 1.158 2.048 Cooper and Grant (1976, USNM152950g)
S. clypeata 19.7 17.5 1.126 3.448 Cooper and Grant (1976, USNM152950h)
S. clypeata 28.3 26.0 1.088 7.358 Cooper and Grant (1976, USNM152950i)
S. clypeata 32.0 30.0 1.067 9.600 Cooper and Grant (1976, USNM152950j)
S. clypeata 35.0 33.3 1.051 11.655 Cooper and Grant (1976, USNM152950k)
S. clypeata 42.2 41.0 1.029 17.302 Cooper and Grant (1976, USNM152950l)
S. clypeata 38.6 41.0 0.941 15.826 Cooper and Grant (1976, USNM152950m)
S. clypeata 34.6 41.5 19.5 8.5 0.834 2.294 14.359 Cooper and Grant (1976, USNM152950n)
S. clypeata 46.0 48.6 16.0 7.0 6.0 0.947 2.286 0.123 22.356 Cooper and Grant (1976, USNM152950o)
S. clypeata 47.8 51.7 0.925 24.713 Cooper and Grant (1976, YPM12414)
S. clypeata 52.0 52.0 7.5 14.0 1.000 0.144 0.269 27.040 Cooper and Grant (1976, pl. 627, figs. 10-11, USNM154551a)
S. clypeata 51.0 60.0 10.0 21 0.850 0.167 0.117 30.600 Cooper and Grant (1976, pl. 627, figs. 17-18, USNM154552a)
S. embrithes 5.70 6.40 0.891 0.365 Cooper and Grant (1976, USNM152951a)
S. embrithes 11.10 9.10 1.220 1.010 Cooper and Grant (1976, USNM152951c)
S. embrithes 13.40 13.00 1.031 1.742 Cooper and Grant (1976, USNM152951d)
S. embrithes 13.50 16.60 0.813 2.241 Cooper and Grant (1976, USNM152951e)
S. embrithes 24.00 20.00 1.200 4.800 Cooper and Grant (1976, USNM152951f)
S. embrithes 27.00 27.80 12.0 7.0 3.5 120 0.971 1.714 0.126 0.667 7.506 Cooper and Grant (1976, USNM152951g)
S. embrithes 28.50 29.30 0.973 8.351 Cooper and Grant (1976, USNM152951h)
S. embrithes 33.60 31.00 13.0 9.0 7.5 135 1.084 1.444 0.242 0.750 10.416 Cooper and Grant (1976, USNM152951i)
S. embrithes 43.40 39.80 1.090 17.273 Cooper and Grant (1976, USNM152951j)
S. gloverae 5.9 5.5 1.073 0.325 Cooper and Grant (1976, USNM152952a)
S. gloverae 6.2 6.6 0.939 0.409 Cooper and Grant (1976, USNM152952b)
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S. gloverae 6.9 7.2 0.958 0.497 Cooper and Grant (1976, USNM152952c)
S. gloverae 7.4 7.8 0.949 0.577 Cooper and Grant (1976, USNM152952d)
S. gloverae 6.8 8.2 0.829 0.558 Cooper and Grant (1976, USNM152952e)
S. gloverae 9.5 9.0 1.056 0.855 Cooper and Grant (1976, USNM152952f)
S. gloverae 9.2 9.5 0.968 0.874 Cooper and Grant (1976, USNM152952g)
S. gloverae 10.1 10.0 1.010 1.010 Cooper and Grant (1976, USNM152952h)
S. gloverae 11.2 10.2 1.098 1.142 Cooper and Grant (1976, USNM152952i)
S. gloverae 13.0 13.0 1.000 1.690 Cooper and Grant (1976, USNM152952j)
S. gloverae 13.0 14.0 0.929 1.820 Cooper and Grant (1976, USNM152952k)
S. gloverae 14.3 15.0 0.953 2.145 Cooper and Grant (1976, USNM152952l)
S. gloverae 20.9 21.4 0.977 4.473 Cooper and Grant (1976, USNM152952m)
S. gloverae 16.0 19.6 0.816 3.136 Cooper and Grant (1976, USNM152952n)
S. gloverae 19.5 22.5 0.867 4.388 Cooper and Grant (1976, USNM152952o)
S. gloverae 22.1 24.0 0.921 5.304 Cooper and Grant (1976, USNM152952p)
S. gloverae 26.3 32.4 0.812 8.521 Cooper and Grant (1976, USNM152952r)
S. gloverae 35.0 41.5 18.0 13.5 8.0 97 30 0.843 1.333 0.193 0.539 0.167 14.525 Cooper and Grant (1976, USNM152952x)
S. gravis 3.2 3.0 1.067 0.096 Cooper and Grant (1976, USNM152953a)
S. gravis 3.9 3.8 1.026 0.148 Cooper and Grant (1976, USNM152953b)
S. gravis 5.6 4.9 1.143 0.274 Cooper and Grant (1976, USNM152953c)
S. gravis 6.5 6.3 1.032 0.410 Cooper and Grant (1976, USNM152953d)
S. gravis 9.1 8.7 1.046 0.792 Cooper and Grant (1976, USNM152953e)
S. gravis 9.9 9.0 1.100 0.891 Cooper and Grant (1976, USNM152953f)
S. gravis 10.0 10.8 0.926 1.080 Cooper and Grant (1976, USNM152953g)
S. gravis 11.0 11.6 0.948 1.276 Cooper and Grant (1976, USNM152953h)
S. gravis 13.4 13.8 0.971 1.849 Cooper and Grant (1976, USNM152953i)
S. gravis 16.4 19.5 0.841 3.198 Cooper and Grant (1976, USNM152953j)
S. gravis 17.9 20.0 0.895 3.580 Cooper and Grant (1976, USNM152953k)
S. gravis 16.6 20.5 0.810 3.403 Cooper and Grant (1976, USNM152953l)
S. gravis 20.5 23.8 0.861 4.879 Cooper and Grant (1976, USNM152953m)
S. gravis 20.7 24.6 0.841 5.092 Cooper and Grant (1976, USNM152953n)
S. gravis 22.2 25.8 0.860 5.728 Cooper and Grant (1976, USNM152953o)
S. gravis 21.0 26.9 0.781 5.649 Cooper and Grant (1976, USNM152953p)
S. gravis 23.3 29.0 0.803 6.757 Cooper and Grant (1976, USNM152953q)
S. gravis 23.7 30.6 11.0 6.0 7.0 90 28 0.775 1.833 0.229 0.500 0.156 7.252 Cooper and Grant (1976, USNM152953r)
S. gravis 25.5 33.6 11.0 8.5 9.0 87 25 0.759 1.294 0.268 0.483 0.139 8.568 Cooper and Grant (1976, USNM152953s)
S. gravis 30.0 33.7 0.890 10.110 Cooper and Grant (1976, USNM152953t)
S. gravis 31.3 35.6 0.879 11.143 Cooper and Grant (1976, USNM152953u)
S. gravis 37.8 45.0 0.840 17.010 Cooper and Grant (1976, USNM152953v)
S. gravis 39.0 47.0 0.830 18.330 Cooper and Grant (1976, USNM152953w)
S. gravis 46.0 48.0 0.958 22.080 Cooper and Grant (1976, USNM152953x)
S. levis 4.0 4.1 0.976 0.164 Cooper and Grant (1976, USNM152954a)
S. levis 5.7 5.4 1.056 0.308 Cooper and Grant (1976, USNM152954b)
S. levis 6.6 6.3 1.048 0.416 Cooper and Grant (1976, USNM152954c)
S. levis 8.1 7.4 1.095 0.599 Cooper and Grant (1976, USNM152954d)
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S. levis 10.1 9.5 7.0 4.5 111 1.063 1.556 0.617 0.960 Cooper and Grant (1976, USNM152954e)
S. levis 13.4 11.7 1.145 1.568 Cooper and Grant (1976, USNM152954f)
S. levis 15.9 14.3 1.112 2.274 Cooper and Grant (1976, USNM152954g)
S. levis 16.8 17.0 3.0 5.5 0.988 0.176 0.324 2.856 Cooper and Grant (1976, USNM152954h)
S. levis 19.0 17.0 1.118 3.230 Cooper and Grant (1976, USNM152954i)
S. levis 20.0 20.0 1.000 4.000 Cooper and Grant (1976, USNM152954j)
S. levis 24.2 23.8 4.0 7.0 1.017 0.168 0.294 5.760 Cooper and Grant (1976, USNM152954k)
S. levis 26.6 25.0 1.064 6.650 Cooper and Grant (1976, USNM152954l)
S. levis 30.0 30.0 1.000 9.000 Cooper and Grant (1976, USNM152954l)
S. propria 4.5 5.7 0.789 0.257 Cooper and Grant (1976, USNM152955b)
S. propria 7.2 10.4 0.692 0.749 Cooper and Grant (1976, USNM152955d)
S. propria 10.4 19.4 0.536 2.018 Cooper and Grant (1976, USNM152955e)
S. propria 19.5 20.0 0.975 3.900 Cooper and Grant (1976, USNM152955b)
S. propria 19.4 28.9 0.671 5.607 Cooper and Grant (1976, USNM152955f)
S. propria 29.0 29.2 0.993 8.468 Cooper and Grant (1976, USNM152955g)
S. propria 32.0 52.0 20.0 8.0 110 32 0.61538 2.500 0.611 0.178 16.640 Cooper and Grant (1976, USNM152956a)
S. sulcifer 2.4 2.7 0.889 0.065 Cooper and Grant (1976, USNM152957a)
S. sulcifer 3.5 3.6 0.972 0.126 Cooper and Grant (1976, USNM152957b)
S. sulcifer 4.8 4.7 1.021 0.226 Cooper and Grant (1976, USNM152957c)
S. sulcifer 4.6 5.0 0.920 0.230 Cooper and Grant (1976, USNM152957d)
S. sulcifer 5.7 5.1 1.118 0.291 Cooper and Grant (1976, USNM152957e)
S. sulcifer 8.5 7.8 1.090 0.663 Cooper and Grant (1976, USNM152957f)
S. sulcifer 8.2 8.2 1.000 0.672 Cooper and Grant (1976, USNM152957g)
S. sulcifer 9.8 10.7 0.916 1.049 Cooper and Grant (1976, USNM152957h)
S. sulcifer 12.3 11.3 1.088 1.390 Cooper and Grant (1976, USNM152957i
S. sulcifer 10.7 11.3 0.947 1.209 Cooper and Grant (1976, USNM152957j)
S. sulcifer 11.4 12.0 0.950 1.368 Cooper and Grant (1976, USNM152957k)
S. sulcifer 13.1 12.0 1.092 1.572 Cooper and Grant (1976, USNM152957l)
S. sulcifer 12.5 12.2 1.025 1.525 Cooper and Grant (1976, USNM152957m)
S. sulcifer 14.3 16.2 0.883 2.317 Cooper and Grant (1976, USNM152957n)
S. sulcifer 14.2 15.8 0.899 2.244 Cooper and Grant (1976, USNM152957o)
S. sulcifer 14.6 16.7 0.874 2.438 Cooper and Grant (1976, USNM152957p)
S. sulcifer 12.8 18.9 0.677 2.419 Cooper and Grant (1976, USNM152957s)
S. sulcifer 19.6 19.4 1.010 3.802 Cooper and Grant (1976, USNM152957t)
S. sulcifer 26.5 26.3 1.008 6.970 Cooper and Grant (1976, USNM152957u)
S. sulcifer 13.8 14.4 0.958 1.987 Cooper and Grant (1976, USNM152959d)
S. sulcifer 13.8 15.0 0.920 2.070 Cooper and Grant (1976, USNM152959d)
S. sulcifer 13.8 16.6 0.831 2.291 Cooper and Grant (1976, sjumards fig. 3a-c)
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Width Mod. Width Length Height W:L Mod. W:L
F4-001 DUES-SL001 FF02 Conjoined (I) 52.4 84.1 48.7 17.0 (24.9) 1.076 1.727
F5-003 DUES-SL002 FF04 Conjoined (I) 56.8 64.3 38.9 14.2 (21.3) 1.460 1.653
F7-R-002 DUES-SL003 FF06 Conjoined (im, I) 66.5 84.2 49.8 18.9 (36.2) 1.335 1.691
F7-R-004 DUES-SL004 FF06 Conjoined (im) 76.4 76.4 43.5 20.4 (38.5) 1.756 1.756
F8-003 DUES-SL005 FF09 Conjoined 88.3 88.3 63.1 19.1 (31.0) 1.399 1.399
F8-006 DUES-SL006 FF09 Conjoined (I) 72.3 72.3 51.9 19.1 (28.9) 1.393 1.393
F8-038 DUES-SL007 FF09 Conjoined 101.0 101.0 61.1 22.4 (36.7) 1.653 1.653
F10-001 DUES-SL008 FF13 Conjoined (im, I) 61.1 70.0 41.2 12.2 1.483 1.699
SB3-001 DUES-SL009 SBF03 Conjoined 104.2 104.2 65.1 21.0 1.601 1.601
SB3-002 DUES-SL010 SBF03 Conjoined (im) 78.8 78.8 41.9 11.8 1.881 1.881
F8-001 DUES-SL011 FF09 Ventral 90.8 90.8 53.9 27.3 1.685 1.685
F8-004 DUES-SL012 FF09 Ventral (I) 90.4 110.0 56.8 16.3 1.592 1.937
F8-005 DUES-SL013 FF09 Ventral (I) 85.4 98.2 58.9 19.0 1.450 1.667
F8-010 DUES-SL014 FF09 Ventral (I) 86.2 108.0 58.1 11.9 1.484 1.859
F8-012 DUES-SL015 FF09 Ventral 107.4 107.4 61.2 35.8 1.755 1.755
F8-013 DUES-SL016 FF09 Ventral 102.8 107.1 64.0 25.4 1.606 1.673
F8-020 DUES-SL017 FF09 Ventral (I) 81.4 93.7 54.8 20.3 1.485 1.710
F8-021 DUES-SL018 FF09 Ventral (I) 59.6 74.2 48.8 16.9 1.221 1.520
F8-022 DUES-SL019 FF09 Ventral (I) 71.5 85.8 49.0 26.7 1.459 1.751
F8-027 DUES-SL020 FF09 Ventral (I) 102.7 102.7 51.8 23.3 1.983 1.983
F8-028 DUES-SL021 FF09 Ventral 92.0 92.0 53.1 20.8 1.733 1.733
F8-037 DUES-SL022 FF09 Ventral (J) 38.4 46.5
F9bs-001 DUES-SL023 FF10 Ventral (I) 57.7 60.2 33.1 15.8 1.743 1.819
F9bs-002 DUES-SL024 FF10 Ventral (I) 53.9 74.8 40.0 11.2 1.348 1.870
T8-001 DUES-SL025 TF06 Ventral (I) 114.2 114.2 58.1 22.3 1.966 1.966
T8-002 DUES-SL026 TF06 Ventral (I) 96.9 96.9 52.0 18.7 1.863 1.863
T8-004 DUES-SL027 TF06 Ventral (im) 87.8 96.3 53.2 9.8 1.650 1.810
AP5-001 DUES-SL028 AF05 Ventral 95.7 95.7 52.8 38.8 1.813 1.813
(em, external mould; im, internal mould; J, juvenile specimen; I, incomplete specimen; F, fragmentary specimen)
Horizon/
Locality
Appendix 2. Measurement data of described specimens (Chapter 10) 
Fasciculatia striatoparadoxa  (Toula, 1873)
Given No. Shell/Valve
Measure (mm)
Registration No.
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SB3-004 DUES-SL029 SBF03 Ventral (I) 122.2 122.2 72.2 21.3 1.693 1.693
SFF01-001 KOPRIF-SL001 SFF01 Ventral (F) 44.0 37.5 12.0 1.173
SFF08-001 KOPRIF-SL002 SFF08 Ventral (F) 41.0 33.0 1.242
F8-031 DUES-SL030 FF09 Dorsal (I) 55.7 70.3 45.2 18.4 1.232 1.555
F9bs-005 DUES-SL031 FF10 Dorsal (J) 37.4 40.0 18.1 8.3 2.066 2.210
26406-001 GSC26406-SL001 GSC26406 Conjoined 68.1 68.1 44.0 35.9 1.548 1.548
26406-002 GSC26406-SL002 GSC26406 Conjoined 67.2 67.2 42.1 24.9 1.596 1.596
26406-003 GSC26406-SL003 GSC26406 Conjoined 62.0 62.0 37.9 31.7 1.636 1.636
26406-004 GSC26406-SL004 GSC26406 Conjoined 62.3 62.3 37.2 44.2 1.675 1.675
26406-005 GSC26406-SL005 GSC26406 Conjoined 90.8 90.8 44.9 29.2 2.022 2.022
26406-006 GSC26406-SL006 GSC26406 Conjoined 63.7 63.7 35.8 24.7 1.779 1.779
GSC 13747 GSC 13747 GSC26406 Conjoined 90.0 90.0 43.0 42.0 2.093 2.093
GSC 13748 GSC 13748 GSC26406 Conjoined 77.0 77.0 47.0 35.0 1.638 1.638
GSC 13749 GSC 13749 GSC26406 Conjoined 61.0 61.0 39.0 28.0 1.564 1.564
GSC 13750 GSC 13750 GSC26406 Conjoined 55.0 55.0 41.0 31.0 1.341 1.341
GSC 13751 GSC 13751 GSC26406 Conjoined 57.0 57.0 38.0 25.0 1.500 1.500
T1-001 DUES-SL032 TF01 Conjoined 90.0 90.0 53.9 26.1 (58.1) 1.670 1.670
W-a-003 DUES-SL033 IF01 Ventral (F) 38.7 38.7 14.0
SA1-033 DUES-SL034 SAF01 Conjoined 52.7 52.7 51.2 29.7 (41.8) 1.029 1.029
SB1-008 DUES-SL035 SBF01 Ventral (I) 55.8 65.6 53.4 24.5 1.045 1.228
SB3-005 DUES-SL036 SBF03 Ventral 49.5 49.5 56.1 23.2 0.882 0.882
SB3-006 DUES-SL037 SBF03 Ventral (I) 57.9 66.0 64.0 24.0 0.905 1.031
SB3-007 DUES-SL038 SBF03 Ventral (I) 58.1 58.1 58.9 24.8 0.986 0.986
SB3-008 DUES-SL039 SBF03 Ventral (F) 42.4
SB3-009 DUES-SL040 SBF03 Ventral (F)
S1-017 DUES-SL041 ?Skansen Ventral (I) 53.0 53.0 70.5 26.7 0.752 0.752
Spiriferella keilhavii (von Buch, 1846)
Fasciculatia angulata  (Waterhouse, 2004)
Fasciculatia groenwalli (Dunbar, 1962)
Spiriferella draschei (Toula, 1875)
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F11-001 DUES-SL042 FF16 Conjoined 45.3 45.3 38.4 19.2 (14.0) 1.180 1.180
T10bs-001 DUES-SL043 TF07 Conjoined (im) 24.2 24.2 24.5 0.988 0.988
T10bs-002 DUES-SL044 TF07 Conjoined (im) 29.5 29.5 27.2 11.2 (16.8) 1.085 1.085
AP7-001 DUES-SL045 AF07 Conjoined 29.5 35.0 26.7 18.0 (25.0) 1.105 1.311
SB3-011 DUES-SL046 SBF03 Conjoined 38.1 38.1 38.7 0.984 0.984
F4top-001 DUES-SL047 FF03 Ventral(im, I) 27.1 37.6
F7-1-001 DUES-SL048 FF05 Ventral (I) 19.6 22.0 19.9 9.4 0.985 1.106
F7-1-002 DUES-SL049 FF05 Ventral (I) 21.4 21.4 18.2 1.176 1.176
F7-1-003 DUES-SL050 FF05 Ventral (im, I) 27.0
F7-1-004 DUES-SL051 FF05 Ventral (im, I) 34.2
F7-1-005 DUES-SL052 FF05 Ventral (im, I) 27.1 27.1 22.4 1.210 1.210
F7-1-006 DUES-SL053 FF05 Ventral (im, I) 34.2 34.2
F7-1-007 DUES-SL054 FF05 Ventral (im, F) 33.0
F7-1-008 DUES-SL055 FF05 Ventral (em, F) 24.2 38.0
F7-1-009 DUES-SL056 FF05 Ventral (em, F) 20.7 23.2
F7R-013 DUES-SL057 FF06 Ventral (em) 20.7 20.7 18.2 8.5 1.137 1.137
F8-041 DUES-SL058 FF09 Ventral 21.2 21.2 17.3 7.2 1.225 1.225
F8-042 DUES-SL059 FF09 Ventral 21.9 21.9 19.2 8.9 1.141 1.141
F8-043 DUES-SL060 FF09 Ventral 29.8 29.8 19.6 9.5 1.520 1.520
F8-044 DUES-SL061 FF09 Ventral 26.9 26.9 25.1 12.0 1.072 1.072
F8-045 DUES-SL062 FF09 Ventral 28.1 28.1 27.2 10.1 1.033 1.033
F8-046 DUES-SL063 FF09 Ventral 34.8 34.8 25.7 11.2 1.354 1.354
F8-047 DUES-SL064 FF09 Ventral 39.6 39.6 33.4 10.1 1.186 1.186
F8-048 DUES-SL065 FF09 Ventral 46.9 46.9 34.2 14.5 1.371 1.371
F8-049 DUES-SL066 FF09 Ventral (I) 48.2 51.0 40.8 14.3 1.181 1.250
F8-050 DUES-SL067 FF09 Ventral 35.4 35.4 39.8 15.5 0.889 0.889
F8-051 DUES-SL068 FF09 Ventral (I) 51.8 56.0 42.4 15.2 1.222 1.321
F8-052 DUES-SL069 FF09 Ventral 59.9 59.9 53.2 25.0 1.126 1.126
F8-053 DUES-SL070 FF09 Ventral (I) 22.8 22.8 22.1 7.4 1.032 1.032
F8-054 DUES-SL071 FF09 Ventral (I) 25.8 25.8 24.2 8.2 1.066 1.066
F8-055 DUES-SL072 FF09 Ventral 27.6 27.6 21.8 10.1 1.266 1.266
F8-056 DUES-SL073 FF09 Ventral 24.5 24.5 19.0 7.8 1.289 1.289
Spiriferella loveni (Diener, 1903)
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F8-057 DUES-SL074 FF09 Ventral 27.9 27.9 24.7 10.2 1.130 1.130
F8-058 DUES-SL075 FF09 Ventral 27.4 27.4 27.6 10.7 0.993 0.993
F8-059 DUES-SL076 FF09 Ventral 23.6 23.6 17.5 8.2 1.349 1.349
F8-060 DUES-SL077 FF09 Ventral 28.4 28.4 23.1 10.0 1.229 1.229
F8-061 DUES-SL078 FF09 Ventral 30.8 30.8 28.2 14.6 1.092 1.092
F8-062 DUES-SL079 FF09 Ventral (I) 31.4 35.0 29.1 11.5 1.079 1.203
F8-063 DUES-SL080 FF09 Ventral (I) 25.9 28.0 23.1 11.7 1.121 1.212
F8-064 DUES-SL081 FF09 Ventral (I) 30.2 32.0 28.7 16.5 1.052 1.115
F8-065 DUES-SL082 FF09 Ventral (I) 26.1 32.0 28.0 12.3 0.932 1.143
F8-066 DUES-SL083 FF09 Ventral 40.4 40.4 30.7 15.5 1.316 1.316
F8-067 DUES-SL084 FF09 Ventral 48.2 48.2 46.2 16.7 1.043 1.043
F8-068 DUES-SL085 FF09 Ventral 46.5 46.5 44.4 17.1 1.047 1.047
F8-069 DUES-SL086 FF09 Ventral 47.8 47.8 42.7 16.6 1.119 1.119
F8-070 DUES-SL087 FF09 Ventral 35.2 35.2 34.1 17.1 1.032 1.032
F8-071 DUES-SL088 FF09 Ventral 40.0 40.0 35.5 18.0 1.127 1.127
F8-072 DUES-SL089 FF09 Ventral 48.4 48.4 38.5 13.7 1.257 1.257
F8-073 DUES-SL090 FF09 Ventral 46.5 46.5 40.7 15.5 1.143 1.143
F8-074 DUES-SL091 FF09 Ventral 45.0 45.0 38.2 13.6 1.178 1.178
F8-075 DUES-SL092 FF09 Ventral 42.6 42.6 37.4 15.2 1.139 1.139
F8-076 DUES-SL093 FF09 Ventral 47.7 47.7 40.4 18.0 1.181 1.181
F8-077 DUES-SL094 FF09 Ventral 37.8 37.8 35.5 15.2 1.065 1.065
F8-078 DUES-SL095 FF09 Ventral (I) 45.5 53.0 35.0 14.5 1.300 1.514
F8-079 DUES-SL096 FF09 Ventral 35.2 35.2 32.3 11.7 1.090 1.090
F8-080 DUES-SL097 FF09 Ventral (I) 45.0 47.0 35.0 12.0 1.286 1.343
F8-081 DUES-SL098 FF09 Ventral (I) 43.0 47.0 32.5 15.5 1.323 1.446
F8-082 DUES-SL099 FF09 Ventral 38.0 38.0 29.1 12.1 1.306 1.306
F8-083 DUES-SL100 FF09 Ventral 29.1 29.1 27.5 12.8 1.058 1.058
F8-084 DUES-SL101 FF09 Ventral 43.6 43.6 39.1 19.0 1.115 1.115
F8-085 DUES-SL102 FF09 Ventral 38.2 38.2 33.3 13.3 1.147 1.147
F8-086 DUES-SL103 FF09 Ventral 53.3 53.3 47.6 17.4 1.120 1.120
F8-087 DUES-SL104 FF09 Ventral 36.3 36.3 37.4 17.1 0.971 0.971
F8-088 DUES-SL105 FF09 Ventral 60.2 60.2 49.6 24.0 1.214 1.214
F8-089 DUES-SL106 FF09 Ventral 51.5 51.5 35.6 14.5 1.447 1.447
F8-090 DUES-SL107 FF09 Ventral 41.3 41.3 34.2 15.1 1.208 1.208
F8-091 DUES-SL108 FF09 Ventral 53.9 53.9 51.7 17.8 1.043 1.043
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F8-092 DUES-SL109 FF09 Ventral 46.3 49.0 37.0 15.5 1.251 1.324
F8-093 DUES-SL110 FF09 Ventral 44.4 44.4 34.7 14.1 1.280 1.280
F8-094 DUES-SL111 FF09 Ventral 35.2 35.2 33.4 12.0 1.054 1.054
F9bs-006 DUES-SL112 FF10 Ventral 42.2 42.2 32.0 1.319 1.319
F9bs-007 DUES-SL113 FF10 Ventral 29.2 33.0 24.9 1.173 1.325
F9bs-008 DUES-SL114 FF10 Ventral 31.2 31.2 22.8 1.368 1.368
F9-001 DUES-SL115 FF11 Ventral (I) 32.0 38.0 0.842
T10bs-003 DUES-SL116 TF07 Ventral (im, I) 36.5
F11-002 DUES-SL117 FF16 Ventral (I) 39.0 44.0 39.0 1.000 1.128
F11-003 DUES-SL118 FF16 Ventral (I) 49.0 64.0
F11-004 DUES-SL119 FF16 Ventral (I) 51.2
F11-005 DUES-SL120 FF16 Ventral (I) 49.5
T2-001 DUES-SL121 TF02 Ventral 24.0 24.0 25.1 9.8 0.956 0.956
T2-002 DUES-SL122 TF02 Ventral (I) 23.5 26.0 23.7 12.0 0.992 1.097
T8-005 DUES-SL123 TF06 Ventral (I) 22.0
T8-006 DUES-SL124 TF06 Ventral (I) 24.0
T8-007 DUES-SL125 TF06 Ventral 27.8 27.8 25.0 12.1 1.112 1.112
T8-008 DUES-SL126 TF06 Ventral (I) 35.6 35.6 34.1 1.044 1.044
T8-010 DUES-SL127 TF06 Vental (I) 42.0 42.0 31.0 13.4 1.355 1.355
T8-011 DUES-SL128 TF06 Ventral(im, I) 50.1 53.0 39.0 1.285 1.359
AP2-002 DUES-SL129 AF02 Ventral(im, I) 33.0 26.0
AP6-009 DUES-SL130 AF06 Ventral 21.9 21.9 25.4 10.3 0.862 0.862
AP6-010 DUES-SL131 AF06 Ventral 28.7 28.7 28.5 13.0 1.007 1.007
AP6-011 DUES-SL132 AF06 Ventral 28.9 28.9 28.7 12.1 1.007 1.007
AP6-012 DUES-SL133 AF06 Ventral 27.0 27.0 26.5 13.0 1.019 1.019
AP6-013 DUES-SL134 AF06 Ventral 26.7 26.7 28.0 14.0 0.954 0.954
AP7-002 DUES-SL135 AF07 Vental (I) 23.5 23.5
AP7-003 DUES-SL136 AF07 Ventral 28.4 28.4 21.9 11.6 1.297 1.297
AP7-004 DUES-SL137 AF07 Ventral (im) 33.8 33.8 29.0 1.166 1.166
W-f-003 DUES-SL138 IF03 Vental (I) 19.0 19.0 17.5 1.086 1.086
W-f-004 DUES-SL139 IF03 Vental (I) 21.2 21.2 20.0 11.0 1.060 1.060
W-f-005 DUES-SL140 IF03 Vental (I) 25.0 25.0 22.5 1.111 1.111
W-i-001 DUES-SL141 IF04 Vental (I) 41.0
SA7-001 DUES-SL142 SAF02 Ventral 22.1 22.1 20.3 9.8 1.089 1.089
SB3-012 DUES-SL143 SBF03 Ventral (I) 17.8 17.8 15.9 7.1 1.119 1.119
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SB3-013 DUES-SL144 SBF03 Ventral 17.2 17.2 17.8 8.9 0.966 0.966
SB3-014 DUES-SL145 SBF03 Ventral 19.4 19.4 18.1 8.3 1.072 1.072
SB3-015 DUES-SL146 SBF03 Ventral (I) 17.9 17.9 18.2 0.984 0.984
SB3-016 DUES-SL147 SBF03 Ventral 20.1 20.1 18.9 9.2 1.063 1.063
SB3-017 DUES-SL148 SBF03 Ventral (I) 19.0 19.2 19.8 9.0 0.960 0.970
SB3-018 DUES-SL149 SBF03 Ventral (I) 18.9 19.3 20.5 9.9 0.922 0.941
SB3-019 DUES-SL150 SBF03 Ventral 22.5 22.5 22.2 10.8 1.014 1.014
SB3-020 DUES-SL151 SBF03 Ventral 21.7 21.7 20.1 11.0 1.080 1.080
SB3-021 DUES-SL152 SBF03 Ventral 22.0 24.0 21.1 9.2 1.043 1.137
SB3-022 DUES-SL153 SBF03 Ventral 19.7 19.7 23.5 10.3 0.838 0.838
SB3-023 DUES-SL154 SBF03 Ventral 22.3 22.3 25.5 12.1 0.875 0.875
SB3-024 DUES-SL155 SBF03 Ventral 26.2 26.2 25.9 10.7 1.012 1.012
SB3-025 DUES-SL156 SBF03 Ventral (I) 26.4 26.4 12.7
SB3-026 DUES-SL157 SBF03 Ventral 24.9 24.9 26.3 11.9 0.947 0.947
SB3-027 DUES-SL158 SBF03 Ventral 24.7 24.7 28.2 11.0 0.876 0.876
SB3-028 DUES-SL159 SBF03 Ventral 27.0 27.0 28.2 14.6 0.957 0.957
SB3-029 DUES-SL160 SBF03 Ventral (I) 36.2 36.2 34.0 13.5 1.065 1.065
SB3-030 DUES-SL161 SBF03 Ventral (I) 25.9 29.0 32.4 13.9 0.799 0.895
SB3-031 DUES-SL162 SBF03 Ventral (I) 30.5 33.0 34.1 14.0 0.894 0.968
SB3-032 DUES-SL163 SBF03 Ventral 33.8 33.8 30.9 14.2 1.094 1.094
SB3-033 DUES-SL164 SBF03 Ventral 28.6 28.6 31.2 14.1 0.917 0.917
SB3-034 DUES-SL165 SBF03 Ventral 29.1 29.1 33.6 15.1 0.866 0.866
SB3-035 DUES-SL166 SBF03 Ventral 32.2 32.2 34.9 13.9 0.923 0.923
SB3-036 DUES-SL167 SBF03 Ventral 35.4 35.4 34.7 16.5 1.020 1.020
SB3-037 DUES-SL168 SBF03 Ventral (I) 29.5 35.0 38.0 17.2 0.776 0.921
SB3-038 DUES-SL169 SBF03 Ventral 34.6 34.6 36.7 15.4 0.943 0.943
SB3-039 DUES-SL170 SBF03 Ventral 34.2 34.2 37.8 18.0 0.905 0.905
SB3-040 DUES-SL171 SBF03 Ventral (I) 31.0 34.0 33.7 17.3 0.920 1.009
SB3-041 DUES-SL172 SBF03 Ventral 39.2 39.2 42.4 16.7 0.925 0.925
SB3-042 DUES-SL173 SBF03 Ventral 38.9 38.9 42.2 19.0 0.922 0.922
SB3-043 DUES-SL174 SBF03 Ventral 39.1 39.1 45.0 17.2 0.869 0.869
SB3-044 DUES-SL175 SBF03 Ventral 31.4 40.0 43.0 19.0 0.730 0.930
SFF04-001 KOPRIF-SL003 SFF04 Ventral 25.0 25.0 22.3 9.9 1.121 1.121
SFF04-002 KOPRIF-SL004 SFF04 Ventral (F) 26.0
SFF05-001 KOPRIF-SL005 SFF05 Ventral 15.8 15.8 14.0 6.5 1.129 1.129
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SFF08-002 KOPRIF-SL006 SFF08 Ventral 23.1 23.1 21.0 9.2 1.100 1.100
F7top-001 DUES-SL176 FF08 Dorsal 28.0 34.0 21.7 1.290 1.567
F7top-002 DUES-SL177 FF08 Dorsal (im) 37.2 37.2 27.1 1.373 1.373
F8-095 DUES-SL178 FF09 Dorsal 41.2 41.2 22.6 7.0 1.823 1.823
F8-096 DUES-SL179 FF09 Dorsal 38.4 38.4 28.1 8.4 1.367 1.367
F8-097 DUES-SL180 FF09 Dorsal 46.5 46.5 31.1 11.4 1.495 1.495
F8-098 DUES-SL181 FF09 Dorsal 50.0 50.0 29.5 8.1 1.695 1.695
F8-099 DUES-SL182 FF09 Dorsal 32.5 32.5 21.7 5.0 1.498 1.498
F8-100 DUES-SL183 FF09 Dorsal 56.0 56.0 37.4 9.0 1.497 1.497
F8-101 DUES-SL184 FF09 Dorsal (I) 33.0 39.0 25.5 7.8 1.294 1.529
F8-102 DUES-SL185 FF09 Dorsal 53.0 53.0 40.6 13.8 1.305 1.305
F8-103 DUES-SL186 FF09 Dorsal 52.0 52.0 39.0 11.0 1.333 1.333
F8-104 DUES-SL187 FF09 Dorsal (I) 48.7 48.7 7.4
F8-105 DUES-SL188 FF09 Dorsal 34.0 34.0 23.4 7.2 1.453 1.453
F8-106 DUES-SL189 FF09 Dorsal (I) 41.0 45.0 32.4 7.8 1.265 1.389
F8-107 DUES-SL190 FF09 Dorsal (F) 35.0
F8-108 DUES-SL191 FF09 Dorsal 39.0 10.0
F9bs-009 DUES-SL192 FF10 Dorsal 42.6 42.6 32.5 1.311 1.311
F10-002 DUES-SL193 FF13 Dorsal (F) 26.0
F10-003 DUES-SL194 FF13 Dorsal 33.0 33.0
T8-009 DUES-SL195 TF06 Dorsal 38.7 38.7 26.8 9.5 1.444 1.444
T10top-001 DUES-SL196 TF08 Dorsal 22.0 37.0 21.0 1.048 1.762
RP3b-001 DUES-SL197 RF03 Dorsal 34.6 34.6 26.1 1.326 1.326
RP5-001 DUES-SL198 RF04 Dorsal (I) 30.0 32.0 27.2 1.103 1.176
AP2-003 DUES-SL199 AF02 Dorsal (I) 22.0 22.0 20.0 6.0 1.100 1.100
AP3-001 DUES-SL200 AF03 Dorsal (I) 25.5 30.0 18.9 1.349 1.587
AP7-005 DUES-SL201 AF07 Dorsal (I) 31.2 39.0 22.5 1.387 1.733
AP7-006 DUES-SL202 AF07 Dorsal (em, I) 20.6 20.6 14.0 1.471 1.471
SB3-045 DUES-SL203 SBF03 Dorsal 29.8 29.8 21.2 5.6 1.406 1.406
SB3-046 DUES-SL204 SBF03 Dorsal (I) 27.1 28.6 4.5 0.948
SB3-047 DUES-SL205 SBF03 Dorsal 55.0 55.0 39.2 1.403 1.403
SFF03-001 KOPRIF-SL007 SFF03 Dorsal (I) 12.0 15.0 11.2 1.071 1.339
SFF07-001 KOPRIF-SL008 SFF07 Dorsal 23.5 23.5
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AP2-001 DUES-SL206 AF02 Ventral (F) 46.5 46.5
SB3-010 DUES-SL207 SBF03 Ventral (F) 60.0
F1-002 DUES-SL208 FF01 Ventral 40.1 40.1 42.7 18.3 0.939 0.939
T1-006 DUES-SL209 TF01 Ventral (I) 31.6 31.6 38.4 19.5 0.823 0.823
R1-004 DUES-SL210 RF01 Ventral (I) 35.6 42.2 45.0 16.5 0.791 0.938
R1-005 DUES-SL211 RF01 Ventral (F) 25.3 13.6
W-a-002 DUES-SL212 IF01 Ventral (I) 39.0 45.0 45.2 19.2 0.863 0.996
SA1-028 DUES-SL213 SAF01 Ventral 47.6 47.6 51.4 24.2 0.926 0.926
SA1-029 DUES-SL214 SAF01 Ventral 44.9 44.9 45.2 25.9 0.993 0.993
SA1-030 DUES-SL215 SAF01 Ventral (I) 36.1 36.1 41.1 19.8 0.878 0.878
SA1-031 DUES-SL216 SAF01 Ventral (I) 34.3 34.3 35.5 16.0 0.966 0.966
SB1-001 DUES-SL217 SBF01 Ventral 51.4 51.4 52.1 22.1 0.987 0.987
SB1-002 DUES-SL218 SBF01 Ventral (I) 56.1 56.1 54.0 29.2 1.039 1.039
SB1-003 DUES-SL219 SBF01 Ventral 44.9 44.9 50.2 25.9 0.894 0.894
SB1-004 DUES-SL220 SBF01 Ventral (I) 34.4 35.6 43.1 17.2 0.798 0.826
SB1-005 DUES-SL221 SBF01 Ventral 41.7 41.7 49.1 20.6 0.849 0.849
SB1-006 DUES-SL222 SBF01 Ventral 50.2 50.2 49.8 21.7 1.008 1.008
SB1-007 DUES-SL223 SBF01 Ventral 37.9 37.9 38.1 16.2 0.995 0.995
S1-009 DUES-SL224 ?Skansen Ventral 31.9 31.9 34.1 15.9 0.935 0.935
S1-010 DUES-SL225 ?Skansen Ventral 41.9 41.9 46.5 21.2 0.901 0.901
S1-011 DUES-SL226 ?Skansen Ventral 43.0 43.0 45.9 22.1 0.937 0.937
S1-012 DUES-SL227 ?Skansen Ventral (I) 34.1 34.1 36.2 19.4 0.942 0.942
S1-013 DUES-SL228 ?Skansen Ventral 44.3 44.3 45.2 20.0 0.980 0.980
S1-014 DUES-SL229 ?Skansen Ventral (I) 40.9 40.9 46.1 22.9 0.887 0.887
S1-015 DUES-SL230 ?Skansen Ventral (F) 37.0 40.4 44.8 17.6 0.826 0.902
S1-016 DUES-SL231 ?Skansen Ventral (I) 39.2 39.2 44.9 24.2 0.873 0.873
SA1-032 DUES-SL232 SAF01 Dorsal (I) 25.2 25.2 18.6 10.5 1.355 1.355
SA1-001 DUES-SL233 SAF01 Conjoined (I) 63.4 66.2 41.3 20.9 (38.7) 1.535 1.603
SA1-002 DUES-SL234 SAF01 Conjoined (I) 61.9 61.9 37.6 19.0 (35.8) 1.646 1.646
Spiriferella sp.
Timaniella wilczecki (Toula, 1873)
Arcullina polaris (Wiman, 1914)
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SA1-003 DUES-SL235 SAF01 Conjoined (I) 67.8 71.2 37.8 17.1 (31.0) 1.794 1.884
SA1-004 DUES-SL236 SAF01 Conjoined (F) 40.1 13.0 (20.9)
F1-001 DUES-SL237 FF01 Ventral (I) 47.6 49.2 33.5 11.6 1.421 1.469
T1-004 DUES-SL238 TF01 Ventral (F) 63.7 63.7 14.0
R1-001 DUES-SL239 RF01 Ventral (I) 75.5 82.4 45.6 16.5 1.656 1.807
R1-002 DUES-SL240 RF01 Ventral (I) 42.3 45.0 26.5 10.5 1.596 1.698
AP1-001 DUES-SL241 AF01 Ventral (F) 44.5 58.2
AP1-002 DUES-SL242 AF01 Ventral (F) 43.1 13.0
W-a-001 DUES-SL243 IF01 Ventral (I) 51.7 51.7 32.4 14.0 1.596 1.596
SA1-005 DUES-SL244 SAF01 Ventral (I) 68.8 69.2 43.0 14.9 1.600 1.609
SA1-006 DUES-SL245 SAF01 Ventral 66.9 66.9 43.5 16.7 1.538 1.538
SA1-007 DUES-SL246 SAF01 Ventral (I) 68.1 70.2 38.9 15.2 1.751 1.805
SA1-008 DUES-SL247 SAF01 Ventral (I) 66.6 72.0 42.4 17.0 1.571 1.698
SA1-009 DUES-SL248 SAF01 Ventral 78.2 78.2 46.1 16.3 1.696 1.696
SA1-010 DUES-SL249 SAF01 Ventral (F) 42.3
SA1-011 DUES-SL250 SAF01 Ventral (I) 58.1 71.8 36.0 12.8 1.614 1.994
SA1-012 DUES-SL251 SAF01 Ventral (I) 47.9 58.0 33.9 14.9 1.413 1.711
SA1-013 DUES-SL252 SAF01 Ventral (F) 44.0
SA1-014 DUES-SL253 SAF01 Ventral (I) 51.0 67.2 42.2 17.5 1.209 1.592
SA1-015 DUES-SL254 SAF01 Ventral 47.6 47.6 29.5 12.4 1.614 1.614
SA1-016 DUES-SL255 SAF01 Ventral (J, I) 31.5 38.0 22.1 10.0 1.425 1.719
SA1-017 DUES-SL256 SAF01 Ventral (I) 45.8 49.0 31.9 12.0 1.436 1.536
SA1-018 DUES-SL257 SAF01 Ventral 51.9 51.9 32.8 11.2 1.582 1.582
SA1-019 DUES-SL258 SAF01 Ventral (F) 53.0
SA1-020 DUES-SL259 SAF01 Ventral (F) 75.8 80.0
SA1-021 DUES-SL260 SAF01 Ventral 63.8 63.8 35.9 17.5 1.777 1.777
SA1-022 DUES-SL261 SAF01 Ventral 65.1 65.1 36.2 16.9 1.798 1.798
SA1-027 DUES-SL262 SAF01 Ventral (I) 66.2 66.2 49.5 17.0 1.337 1.337
S1-001 DUES-SL263 ?Skansen Ventral 56.1 56.1 35.5 18.0 1.580 1.580
S1-002 DUES-SL264 ?Skansen Ventral 58.8 58.8 35.9 13.4 1.638 1.638
S1-003 DUES-SL265 ?Skansen Ventral (I) 48.2 54.6 24.0 10.0 2.008 2.275
S1-004 DUES-SL266 ?Skansen Ventral (I) 49.2 62.2 32.3 11.9 1.523 1.926
S1-005 DUES-SL267 ?Skansen Ventral 58.4 63.6 36.4 12.7 1.604 1.747
S1-006 DUES-SL268 ?Skansen Ventral 36.0 42.2 24.9 10.2 1.446 1.695
S1-007 DUES-SL269 ?Skansen Ventral (I) 56.1 59.8 44.5 16.5 1.261 1.344
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S1-008 DUES-SL270 ?Skansen Ventral (F) 52.0 42.6 11.4 1.221
SA1-023 DUES-SL271 SAF01 Dorsal (F) 31.5 60.0 31.5 1.000 1.905
SA1-024 DUES-SL272 SAF01 Dorsal (I) 51.0 62.6 34.2 15.5 1.491 1.830
SA1-025 DUES-SL273 SAF01 Dorsal (F) 59.6 36.5 13.1 1.633
SA1-026 DUES-SL274 SAF01 Dorsal (I) 24.2 32.0 17.2 7.0 1.407 1.860
26406-007 GSC26406-SL007 GSC26406 Conjoined 39.2 40.4 21.1 8.8 (15.3) 1.858 1.915
26406-008 GSC26406-SL008 GSC26406 Conjoined 38.9 38.9 27.8 10.0 (16.6) 1.399 1.399
26406-009 GSC26406-SL009 GSC26406 Conjoined 53.4 53.4 26.6 9.8 (15.4) 2.008 2.008
26406-010 GSC26406-SL010 GSC26406 Conjoined 48.3 48.3 32.4 12.7 (17.3) 1.491 1.491
26406-011 GSC26406-SL011 GSC26406 Ventral (J) + Dorsal (f) 19.8 19.8 12.2 6.2 1.623 1.623
26406-012 GSC26406-SL012 GSC26406 Ventral (J) + Dorsal (f) 26.9 26.9 13.6 7.6 1.978 1.978
26406-013 GSC26406-SL013 GSC26406 Ventral 30.2 30.2 19.6 7.4 1.541 1.541
26406-014 GSC26406-SL014 GSC26406 Ventral 33.1 33.1 20.1 8.4 1.647 1.647
26406-015 GSC26406-SL015 GSC26406 Ventral 32.5 32.5 21.1 7.2 1.540 1.540
26406-016 GSC26406-SL016 GSC26406 Ventral 35.0 35.0 21.9 8.6 1.598 1.598
26406-017 GSC26406-SL017 GSC26406 Ventral 37.7 37.7 21.7 8.5 1.737 1.737
26406-018 GSC26406-SL018 GSC26406 Ventral (I) 40.7 45.0 19.1 7.6 2.131 2.356
26406-019 GSC26406-SL019 GSC26406 Ventral 32.3 35.0 19.9 8.1 1.623 1.759
26406-020 GSC26406-SL020 GSC26406 Ventral 35.4 38.5 21.7 7.9 1.631 1.774
GSC 27784 GSC 27784 GSC26406 Conjoined 45.0 45.0 23.0 (13.0) 1.957 1.957
GSC 27785 GSC 27785 GSC26406 Conjoined 34.0 34.0 26.0 (12.0) 1.308 1.308
GSC 27786 GSC 27786 GSC26406 Conjoined 35.0 35.0 16.5 (?11.0) 2.121 2.121
GSC 26432 GSC 26432 GSC26406 Conjoined 28.0 28.0 12.5 2.240 2.240
GSC 26424 GSC 26424 GSC26406 Conjoined 55.0 55.0 34.0 (20.0) 1.618 1.618
GSC 26429 GSC 26429 GSC26406 Conjoined 48.0 48.0 34.0 (15.0) 1.412 1.412
GSC 27787 GSC 27787 GSC26406 Conjoined 55.0 55.0 33.0 (17.0) 1.667 1.667
F10ala-002 DUES-SL275 FF14 Conjoined (J, I) 30.9 19.8
T10bs-004 DUES-SL276 TF07 Conjoined (I) 35.1
F9upper-001 DUES-SL277 FF12 Ventral (em) 36.0 36.0 11.4 3.158 3.158
F9upper-004 DUES-SL278 FF12 Ventral (em, F)
Pterospirifer cordieri  (Robert, 1845)
Timaniella harkeri  Waterhouse in Bamber and Waterhouse, 1971
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F10ala-003 DUES-SL279 FF14 Ventral (im, I) 35.6 24.2 1.471
T10bs-005 DUES-SL280 TF07 Ventral (im, I) 51.0 61.0 21.5 2.372 2.837
T10bs-006 DUES-SL281 TF07 Ventral (im, I) 46.4 80.4 26.5 1.751 3.034
T10bs-007 DUES-SL282 TF07 Ventral (em, F) 30.0
T10top-002 DUES-SL283 TF08 Ventral (em, I) 47.6 63.0 22.0
T10top-003 DUES-SL284 TF08 Dorsal (em) + Ventral (F) 43.0 51.0 23.5 1.830 2.170
T10top-004 DUES-SL285 TF08 Ventral (em, I, J) 13.0 19.0 9.8 1.327 1.939
T10top-005 DUES-SL286 TF08 Ventral (em, I, J) 22.4 29.0 11.0 2.036 2.636
F9upper-002 DUES-SL287 FF12 Dorsal (em) 35.8 38.0 11.1 3.225 3.423
F9upper-003 DUES-SL288 FF12 Dorsal (em, F)
F10-004 DUES-SL289 FF13 Dorsal (em) + Ventral (F) 71.2 71.2 21.9 3.251 3.251
F10-005 DUES-SL290 FF13 Dorsal (em, I) 55.3 68.0 25.0 2.212 2.720
F10ala-004 DUES-SL291 FF14 Dorsal (im, I) 35.0 11.7 2.991
F4top-005 DUES-SL292 FF03 Conjoined (im, I) 46.4 66.4 22.3 9.5 (16.2) 2.081 2.978
F7-1-011 DUES-SL293 FF05 Conjoined (I) 33.8 39.0 18.1 6.0 (10.5) 1.867 2.155
F7-1-012 DUES-SL294 FF05 Conjoined (I) 49.6 74.2 15.3 10.0 (19.2) 3.242 4.850
T4-001 DUES-SL295 TF03 Conjoined (im, I) 59.4 59.4 18.9 8.0 (13.2) 3.143 3.143
F4top-006 DUES-SL296 FF03 Ventral (im, I) 36.5 55.2 22.1 12.0 1.652 2.498
F4top-007 DUES-SL297 FF03 Ventral 66.6 66.6 21.3 11.3 3.127 3.127
F4top-008 DUES-SL298 FF03 Ventral (em, I) 32.1 45.2 14.0 2.293 3.229
F4top-009 DUES-SL299 FF03 Ventral (im, I) 30.0 20.7 1.449
F4top-010 DUES-SL300 FF03 Ventral (im, I) 36.6 56.0 20.7 1.768 2.705
F4top-011 DUES-SL301 FF03 Ventral (im) 66.9 66.9 28.1 2.381 2.381
F4top-012 DUES-SL302 FF03 Ventral (im, I) 55.5
F4top-013 DUES-SL303 FF03 Ventral (im, I) 68.9 83.0 27.1 2.542 3.063
F7-1-013 DUES-SL304 FF05 Ventral (I) 40.1 60.0 18.3 7.0 2.191 3.279
F7-1-014 DUES-SL305 FF05 Ventral (I) 51.0 58.0 18.2 2.802 3.187
F7-1-015 DUES-SL306 FF05 Ventral (im, I) 53.0 56.0 24.2 2.190 2.314
F7-1-016 DUES-SL307 FF05 Ventral (em, I) 30.3 34.6 12.7 2.386 2.724
F7-1-017 DUES-SL308 FF05 Ventral (em, I) 31.1 50.0 16.3 1.908 3.067
F7-1-018 DUES-SL309 FF05 Ventral (em, I) 33.0 54.0 15.2 2.171 3.553
F7-1-019 DUES-SL310 FF05 Ventral (em, F) 14.0
Paeckelmanella aff. P. expansa (Tschernyschew, 1902)
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F7-1-020 DUES-SL311 FF05 Ventral (im, F)
T4-002 DUES-SL312 TF03 Ventral (im, I) 51.0 60.0 29.2 10.1 1.747 2.055
T4-003 DUES-SL313 TF03 Ventral (em, I) 61.0 68.0 27.3 2.234 2.491
RP7-001 DUES-SL314 RF06 Ventral (I) 60.9 83.0 29.9 2.037 2.776
AP3-002 DUES-SL315 AF03 Ventral (im, I) 46.1 22.0 2.095
AP7-007 DUES-SL316 AF07 Ventral (I) 51.2 64.0 19.0 8.4 2.695 3.368
W-f-006 DUES-SL317 IF03 Ventral (I) 42.3 45.2 11.2 3.777 4.036
F4top-014 DUES-SL318 FF03 Dorsal (im, I) 59.0 62.0 19.5 3.026 3.179
F4top-015 DUES-SL319 FF03 Dorsal (em, I) 57.6 83.0 27.2 2.118 3.051
F7-1-021 DUES-SL320 FF05 Dorsal (I) 52.7 67.2 16.7 3.156 4.024
F7-1-022 DUES-SL321 FF05 Dorsal (em, I) 47.1 47.1 12.4 3.798 3.798
F7-1-023 DUES-SL322 FF05 Dorsal (em, I) 42.0 20.2 2.079
F7-1-024 DUES-SL323 FF05 Dorsal (em, I) 27.9 10.5 2.657
F7-1-025 DUES-SL324 FF05 Dorsal (im, I) 46.6 61.0 17.4 2.678 3.506
F7-1-026 DUES-SL325 FF05 Dorsal (im, I) 57.1 57.1 18.9 3.021 3.021
F8-039 DUES-SL326 FF09 Conjoined 93.2 93.2 20.1 31.2 (55.2) 4.637 4.637
F8-040 DUES-SL327 FF09 Conjoined (F) 102.3 32.5 (51.2)
SB1-009 DUES-SL328 SBF01 Conjoined (I) 78.2 78.2 29.5 22.3 (29.8) 2.651 2.651
SB1-010 DUES-SL329 SBF01 Conjoined (I) 71.8 71.8 23.0 25.1 (33.4) 3.122 3.122
F7-R-001 DUES-SL330 FF06 Conjoined (im, I) 73.9 84.0 23.7 16.5 (26.5) 3.118 3.544
F7-R-007 DUES-SL331 FF06 Conjoined (im, I) 58.6 68.0 33.0 10.0 (16.7) 1.776 2.061
F7-R-008 DUES-SL332 FF06 Conjoined (im, I) 66.9 66.9 31.8 9.8 (17.0) 2.104 2.104
F7-R-009 DUES-SL333 FF06 Ventral (I) 71.2 73.0 33.4 16.2 2.132 2.186
F7-R-010 DUES-SL334 FF06 Ventral (im, I) 31.7 27.1 1.170
F7-R-011 DUES-SL335 FF06 Ventral (I) 25.6 31.0 12.5 2.048 2.480
F7-R-012 DUES-SL336 FF06 Ventral (F) 67.8
T7-001 DUES-SL337 TF05 Ventral (F) 31.2 24.7 10.6 1.263
T7-002 DUES-SL338 TF05 Ventral (F) 33.0 21.4 12.0 1.542
T7-003 DUES-SL339 TF05 Ventral (F) 9.0
T7-004 DUES-SL340 TF05 Ventral (F) 19.0
Licharewia cf. L. grewingki (Netschajew, 1911)
Pseudosyringothyris borealis Gobbett, 1963
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T7-005 DUES-SL341 TF05 Ventral (I) 50.7 56.0 21.0 14.2 2.414 2.667
RP5-002 DUES-SL342 RF04 Ventral (I) 33.0 21.2
AP6-003 DUES-SL343 AF06 Ventral (I) 74.0 34.0 15.5 2.176
AP6-004 DUES-SL344 AF06 Ventral (I) 64.5 83.0 25.5 16.7 2.529 3.255
AP6-005 DUES-SL345 AF06 Ventral (I) 48.6 48.6 25.4 12.4 1.913 1.913
AP6-006 DUES-SL346 AF06 Ventral (I) 56.1 56.1 22.2 7.1 2.527 2.527
AP6-007 DUES-SL347 AF06 Ventral (I) 57.0 66.0 38.1 11.2 1.496 1.732
W-f-001 DUES-SL348 IF03 Ventral (I) 46.2 62.0 25.6 11.1 1.805 2.422
AP6-008 DUES-SL349 AF06 Dorsal (I) 40.9 43.0 21.7 8.2 1.885 1.982
W-c-001 DUES-SL350 IF02 Dorsal (I) 44.5 55.0 37.5 10.8 1.187 1.467
W-c-002 DUES-SL351 IF02 Dorsal (I) 61.0 66.0 34.2 12.2 1.784 1.930
W-f-002 DUES-SL352 IF03 Dorsal (I) 27.5 39.0 17.9 7.5 1.536 2.179
SFF06-001 KOPRIF-SL009 SFF06 Conjoined 38.4 38.4 27.9 10.0 (22.3) 1.376 1.376
SFF06-006 KOPRIF-SL010 SFF06 Ventral 40.2 45.8 23.0 1.748 1.991
SFF07-002 KOPRIF-SL011 SFF07 Ventral (im) 30.0 35.8 20.4 1.471 1.755
SFF07-003 KOPRIF-SL012 SFF07 Ventral (im) 43.8 47.0 20.9 2.096 2.249
SFF04-005 KOPRIF-SL013 SFF04 Dorsal (I) 25.0 16.0 1.563
SFF02-001 KOPRIF-SL014 SFF02 Ventral 25.8 25.8 21.1 12.0 1.223 1.223
SFF04-004 KOPRIF-SL015 SFF04 Ventral 31.2 31.2 24.4 10.9 1.279 1.279
SFF08-003 KOPRIF-SL016 SFF08 Ventral 28.9 28.9 24.2 13.4 1.194 1.194
SFF08-004 KOPRIF-SL017 SFF08 Ventral 30.1 30.1 22.0 12.1 1.368 1.368
SFF06-002 KOPRIF-SL018 SFF06 Ventral 43.9 53.0 22.0
SFF06-003 KOPRIF-SL019 SFF06 Ventral 53.3 53.3 38.1 23.4 1.399 1.399
Lissochonetes superba (Gobbett, 1963)
Yakovlevia duplex (Wiman, 1914)
Anemonaria pseudohorrida (Wiman, 1914)
Stenoscisma sp.
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ABSTRACT—We provide the first detailed systematic taxonomy and paleoecological investigation of late Paleozoic
brachiopod faunas from Korea. Specifically, we focus on the brachiopods from the Geumcheon-Jangseong
Formation, the lower part of the Pyeongan Supergroup in the Taebaeksan Basin. The formation yields a variety of
marine invertebrate fossils, including brachiopods, molluscs, echinoderms, corals, fusulinids, and conodonts.
Diverse brachiopods are described from six siliciclastic horizons of the formation at three localities, including 23
species belonging to 20 genera with two new species: Rhipidomella parva n. sp. and Stenoscisma wooi n. sp. Three
brachiopod assemblages of the late Moscovian (Pennsylvanian) age are recognized based on their species
compositions and stratigraphic distributions, namely the Choristites, Rhipidomella, and Hustedia assemblages. The
brachiopod faunal composition varies within each assemblage as well as between the Assemblages, most likely
reflecting local paleoenvironmental and hence paleoecological differences. The Choristites Assemblage includes
relatively large brachiopods represented by Derbyia, Choristites, and Stenoscisma and may have inhabited open
marine to partly restricted marine environments, whereas the Rhipidomella and Hustedia Assemblages consist of a
small number of small-sized brachiopods living in lagoonal environments. The Choristites Assemblage shows a close
affinity with Moscovian brachiopod assemblages in the eastern Paleo-Tethys regions, especially the Brachythyrina
lata–Choristites yanghukouensis–Echinoconchus elegans Assemblage of North China, whereas the Rhipidomella and
Hustedia assemblages both exhibit strong endemism.
INTRODUCTION
THE PYEONGAN Supergroup (late Paleozoic) in the Tae-baeksan Basin comprises largely a siliciclastic succession
(ca. 1,700 m thick) deposited in marginal marine and non-
marine environments (Cheong, 1969; Chough et al., 2000; Lee
and Chough, 2006a, 2006b). It has been studied intensively
during the last 40 years because it contains economically
important coal measures. Nevertheless, detailed stratigraphy
of the Pyeongan Supergroup has not yet been clearly
established, due to the structural complexity and lack of
detailed lithologic descriptions. Lee and Chough (2006a)
redefined the lithostratigraphy of the Pyeongan Supergroup
in the Taebaek area and suggested a depositional model based
on sedimentological analysis.
The lower part of the Pyeongan Supergroup in the
Taebaeksan Basin yields diverse marine invertebrate fossils
including brachiopods, molluscs, echinoderms, corals, fusuli-
nids, and conodonts (Cheong, 1973; Yang et al., 1984). To
date, paleontological studies of the Pyeongan Supergroup
have been focused mainly on microfossils such as fusulinids
and conodonts which have proved critical for age-determina-
tion and biostratigraphic correlation, while the macro-
invertebrate fossils of the Pyeongan Supergroup have not
been studied in detail despite their potential significance for
not only constraining age determination but also for
paleoecological, paleoenvironmental, and regional paleogeo-
graphical reconstructions.
The present paper is therefore aimed to provide the first
detailed systematic study of the brachiopod faunas from the
Geumcheon-Jangseong Formation of the Pyeongan Super-
group in the Taebaek area. The age of the brachiopod faunas is
determined by fusulinids and conodonts in the limestone
interlayers. The taxonomic and biostratigraphic data generated
from this study are then used for elucidating the faunal changes
associated with environmental fluctuations. Additionally, we
also provide a brief discussion on the paleobiogeographical
implications of the studied brachiopod faunas as a whole.
STRATIGRAPHY AND LOCALITY
The Taebaeksan Basin occupies the central-eastern part of
Korean Peninsula (Fig. 1). In this basin, the Upper Paleozoic
succession is widely distributed and consists mainly of
conglomerate, sandstone, purple siltstone, and gray/black
shale with coal and limestone beds. The succession rests
unconformably on the carbonate sequence of the Joseon
Supergroup (Cambro-Ordovician) and is unconformably
overlain by the Mesozoic sequence (Chough et al., 2000). In
the Taebaek area, the succession is mainly exposed along the
axis of the Baekunsan Syncline, which is a large-scale north-
south compressional structure that was folded and offset by
north-northeast-to-south-southwest-running strike-slip faults
(Fig. 1; Lee and Chough, 2006a).
The Upper Paleozoic succession in the Taebaek area was
initially subdivided into the Hongjeom, Sadong, Gobangsan,
and Nogam series, which followed the scheme of the Pyeongan
System of the Pyeongnam Basin in North Korea (Shiraki,
1930). Cheong (1969) suggested a new stratigraphic scheme in
which he subdivided the succession in the Taebaek area into
three groups and seven formations based on differences in
both fossil content and lithology (Fig. 2). As the scheme was
widely used by subsequent researchers, the whole Upper
Paleozoic succession in the Taebaeksan Basin was naturally
named the Pyeongan Supergroup. More recently, Lee and
Chough (2006a) refined the lithostratigraphy of the Upper
Paleozoic sequence and proposed that only the Hwangji
Group be used for the sequence in the Taebaek area instead of
the division into three groups, as Cheong (1969) suggested
(Fig. 2). This refined stratigraphic scheme is followed here.
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The Manhang Formation, the lowermost unit of the
Hwangji Group is comprised of reddish/greenish gray
sandstone, purple siltstone/mudstone, white to light gray
limestone, and pebbly conglomerate. The limestone lenses in
the upper part of the formation contain marine fossils such as
fusulinids, conodonts, and bryozoans (Cheong, 1973; Park
and Sun, 2001; Lee and Chough, 2006b). The Geumcheon-
Jangseong Formation consists of dark gray sandstone, black
FIGURE 1—Geologic map of the Taebaek area in South Korea and three fossil localities (modified after Lee and Chough, 2006a).
FIGURE 2—History of the lithostratigraphic nomenclature. The height of blank space for each Age represents the relative geologic time interval
according to the International Geologic Time Scale (Gradstein et al., 2004). Double lines, unconformity; dashed lines, uncertain age; vertical lined areas,
time gap.
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shale, gray limestone, and coal. Marine invertebrates including
fusulinids, conodonts, crinoids, molluscs, brachiopods, and
corals were found in bioturbated limestone and siltstone beds.
Fusulinids and conodonts from limestone beds in the
Manhang and the Geumcheon-Jangseong formations repre-
sent a Moscovian age, whereas black shale beds in the upper
part of the Geumcheon-Jangseong Formation contain numer-
ous plant fossils, indicating a Cisuralian age (Cheong, 1969,
1973; Chun, 1985, 1987; Park and Sun, 2001). The overlying
Hambaeksan Formation is composed predominantly of milky
white coarse-grained sandstone to conglomerate with gray
shale. The Dosagok Formation is comprised of pebble-bearing
sandstone and purple shale. The Gohan Formation consists of
gray to greenish gray sandstone and siltstone with coaly shale.
Although the Hambaeksan, Dosagok, and Gohan formations
yield some plant fossils of Permian age (Cheong et al., 1973;
Cheong, 1981; Chun, 1985, 1987), it is difficult to judge the
precise age of these formations due to the long stratigraphical
ranges of the plant fossils and the lack of other fossils and
radiometric data. The uppermost Donggo Formation consists
mainly of cross-stratified conglomerate, pebbly sandstone, and
purple fine sandstone and unconformably underlies the
Mesozoic Jeokgakri Formation (Chough et al., 2000).
Three well-exposed outcrop sections representing the lower
part of the Hwangji Group were examined along the roadcuts
in the southeastern part of the Baekunsan syncline. All
specimens for this study were obtained from the Geumcheon-
Jangseong Formation exposed at these localities: i.e., the
Gangdong section (N37u099430, E128u529530) c. 13 km north-
west of Jangseong town; the Jangseong section (N37u069010,
E129u009070) c. 1 km west of Jangseong town; and the
Donggwang section (N37u069120, E129u039150) c. 4 km east of
Jangseong town (Fig. 1).
The Gangdong section is about 90 m thick and occurs along
a mountain trail in the Gurae area. It represents the lower part
of the Geumcheon-Jangseong Formation. The section is
comprised of black shale, dark gray siltstone, black sandstone,
and thick limestone beds with thin-bedded or nodular chert
layers, and it can be divided into three parts. The lower part of
the section is severely deformed and has two fossil-bearing
layers (SA, SB) from which Choi (1988) and Chang (1991)
reported invertebrate fossils. These layers are, however,
excluded from the present study because of the absence of
brachiopods. Two shale layers (SF, SD) in the middle part
contain abundant brachiopods, bivalves, and crinoid stems
(Fig. 3.1). The SE layer in the uppermost part of the section,
composed of weathered fine-grained sandstone, yields rela-
tively diverse brachiopod fauna with bryozoans and crinoids
stems (Fig. 3.1). The Gangdong section is characterized by
thick limestone layers (ca. each 1–2 m-thick), whereas the
limestone layers are generally thin and laterally discontinuous
in the other two sections.
The Jangseong section is located along the road to the
Geumcheon village. This section of about 150 m thickness
represents the uppermost part of the Manhang Formation to
the upper part of the Geumcheon-Jangseong Formation. The
lower part of the section, representing the uppermost part of
the Manhang Formation is comprised of gray/reddish
sandstone, purple siltstone, mudstone, and conglomerate with
three thin lenses of white limestone. The limestone lenses are
grainstones composed of bioclasts (brachiopods, foraminifera,
and algal remains) and siliciclastic clasts. The middle part,
with fossil bearing layers, consists mainly of cross-stratified
conglomerate, sandstone, and black shale. Fossil-yielding
layers (MGL and MG) are close to the boundary between
the Manhang and Geumcheon-Jangseong formations
(Fig. 3.2) and include brachiopods, bivalves, corals, trilobites,
and crinoids. The upper layer (MG) was already reported as
yielding diverse invertebrate fossils by Yang et al. (1984) and
Yun and Yang (1997). The dark gray shale layer in the middle
part of the section yields chamosite nodules and plant fossils,
correlated with the chamosite nodule-bearing layer of the
Donggwang section. The upper part of the section is a
rhythmic sequence consisting of multiple couplets of fining-
upward units from cross-stratified conglomerate to black
sandstone and black shale. The rhythmic nature of rock beds
and their lithologies can also be well correlated to the upper
part of the Donggwang section. The composite thickness of
the Geumcheon-Jangseong Formation at the section is about
100 m, although the precise thickness is indeterminate due to
faults and covered intervals. The Geumcheon-Jangseong
Formation conformably underlies the Hambaeksan Forma-
tion in the Jangseong section.
The Donggwang section, about 200 m in thickness including
covered intervals, occurs along a mountain slope near the
Gumunso area and represents most of the Geumcheon-
Jangseong Formation. The lower part of the section consists
mainly of gray siltstone, greenish gray sandstone, and
discontinuous limestone. Only a single brachiopod-bearing
layer (MN) was found at this section (Fig. 3.3). This layer
consists of dark gray very fine-grained sandstone and yields a
relatively diverse brachiopod assemblage and abundant
crinoid stems. The overlying lime wackestone contains
fusulinids and crinoid stems. A gray shale bed (4 m-thick) in
the middle part of the section is characterized by Fe-rich
chamosite nodules with plant fossils. The upper part of the
section is a repetitive succession of fining-upward units
consisting of cross-stratified granulite, fine- to coarse-grained
black massive sandstone, and black shale. The stratigraphic
portion of the black shale bed is much lower than those of
other two sections. Plant fossils are common in black to gray
shale layers.
SYSTEMATIC PALEONTOLOGY
All the described materials are registered with and housed in
Museum Victoria, Melbourne, Australia, with prefix NMV P
followed by a six-digit number. The classification of Brachiop-
oda adopted herein follows Brunton et al. (2000) for
Productida, Williams et al. (2000) for Orthotetida, Williams
and Harper (2000) for Orthida, Savage et al. (2002) for
Rhynchonellida, Alvarez and Rong (2002) for Athyridida,
Carter et al. (2006) for Spiriferida, and Carter and Johnson
(2006) for Spiriferinida.
Phylum BRACHIOPODA Dume´ril, 1806
Subphylum RHYNCHONELLIFORMEA Williams et al., 1996
Class STROPHOMENATA Williams et al., 1996
Order PRODUCTIDA Sarytcheva and Sokolskaya, 1959
Suborder PRODUCTIDINA Waagen, 1883
Superfamily PRODUCTOIDEA Gray, 1840
Family PRODUCTELLIDAE Schuchert in Schuchert and
LeVene, 1929
Subfamily MARGINIFERINAE Stehli, 1954
Tribe BREILEENIINI Brunton in Brunton and Lazarev, 1997
Genus BREILEENIA Brunton in Brunton and Lazarev, 1997
BREILEENIA RADIATA Brunton in Brunton and Lazarev, 1997
Figures 4.1–4.5
Breileenia radiata BRUNTON in BRUNTON AND LAZAREV,
1997, p. 389, figs. 5.12–5.21.
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FIGURE 3—Stratigraphic columns of the three studied sections showing fossil horizons. M, mudstone; Ss, siltstone; Sf, fine sandstone; Sm, medium
sandstone; Sc, coarse sandstone; G, granulite;M, lime-mudstone;W, wackestone; P, packstone; G, grainstone. Sedimentary facies are explained in Table 1.
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FIGURE 4—1–5, Breileenia radiata Brunton in Brunton and Lazarev, 1997, all 34: 1–3, NMV P309801, ventral, lateral, and posterior views of an
incomplete ventral valve; 4, NMV P309803, ventral view of an incomplete ventral valve; 5, NMV P309802, dorsal view of an incomplete dorsal valve; 6–
8, Reticulatia? sp.: 6–7, NMV P309804, ventral and lateral views of an incomplete ventral valve, 34; 8, NMV P309805, ventral view of an incomplete
ventral valve,34; 9, Buxtonia sp., NMV P309806, latex cast of an incomplete dorsal external mold,34; 10–11, Calliprotonia sp.,36: 10, NMV P309807,
dorsal view of external mold of a dorsal valve; 11, NMV P309808, latex cast of an incomplete dorsal internal mold; 12–13, Linoproductus sp., 34: 12,
NMV P309809, internal mold of a dorsal valve; 13, NMV P309810, dorsal view of a dorsal external mold; 14, Orthotetes sp., NMV P309811, internal
mold of a shell fragment, 31.5. Scale bars are 5 mm.
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Description.—Shell about 10 mm in width, and about 11 mm
in length; greatest width at midvalve; outline subrounded;
profile moderately concavoconvex with shallow corpus cavity.
Ventral valve moderately curved in lateral view; beak not
preserved; umbo slightly swollen with gentle umbonal slopes;
ears flat, narrow, and short. Dorsal disc subcircular, slightly
less curved than ventral valve. Shell surface of ventral valve
ornamented with ribs; ribs originating about 3 mm from
umbo, interrupted by slightly lamellose concentric bands,
weak on posterior part but strongly developed anteriorly,
increasing anteriorly by intercalation, about seven ribs per
5 mm on anterior part of valve; interspaces generally narrower
than ribs on anterior part of valve; spine bases on rib crests,
dispersed randomly on valve but decreasing anteriorly, not
swollen; no sulcus. Dorsal valve exterior also ornamented with
ribs bearing small spine bases; ribs weaker than those of
ventral valve; lamellose concentric bands emerging from
umbonal region, band intervals increasing anteriorly, about
seven bands from umbo to 5 mm anterior part.
Material.—An incomplete specimen (NMV P309801), a
fragmentary dorsal valve (NMV P309802), and a ventral valve
(NMV P309803).
Occurrence.—Mississippian (late Visean), England; Penn-
sylvanian (Moscovian), Korea (Taebaek).
Discussion.—The present specimens agree well with Breilee-
nia radiata Brunton (in Brunton and Lazarev, 1997) from the
late Visean strata of England except for the comparatively
small size of the shell. The present specimens are also similar
to B. davidsoni (Jarosz), figured by Brunton and Lazarev
(1997, p. 389, figs. 5.1–5.11), which however has well-
developed ribs with swollen spine bases in the posterior part
of the valves. Hexiproductus echidniformis (Grabau in Chao),
figured by Shi et al. (2008, p. 290, figs. 6A–6D), from North
China is also comparable with the present species in size and
ventral ornamentation. However, Shi et al. (2008) differen-
tiated the genus Hexiproductus Chen and Shi (in Shi et al.,
2008, p. 289), from Breileenia by a more transverse outline as
well as by the absence of dorsal spines. Fimbrinia plummeri
(King, 1938, p. 276) from the late Pennsylvanian strata of
Texas (USA) is close to the present materials in its small shell
size with a subrounded outline and the presence of small
spines on both valves, but the former lacks ribs, whereas ribs
are well developed on the corpus of Breileenia radiata.
Brunton and Lazarev (1997) limited the stratigraphic range
of Breileenia from late Tournaisian to Serpukhovian, although
they mentioned that the genus also possibly occurs in younger
rocks of China. The documentation of Breileenia in this study
not only confirms the occurrence of the genus in the Sino-
Korean block but also extends its stratigraphical range to
Moscovian.
Family PRODUCTIDAE Gray, 1840
Subfamily DICTYOCLOSTINAE Stehli, 1954
Genus RETICULATIA Muir-Wood and Cooper, 1960
RETICULATIA? sp.
Figure 4.6–4.8
Description.—Shell small for genus, ranging from 7 to
14 mm in width. Ventral valve gently convex; umbo slightly
swollen with maximum convexity; anterior margin rounded;
sulcus broad but weak, originating from umbonal region; ears
partly preserved. Shell surface ornamented with numerous
costae and rugae; costae shallow, rounded, and distinct
anteriorly, starting from umbonal region, increasing anteriorly
by bifurcation on flanks and anterior part of valve; rugae
numerous, strong, interrupting costellation on posterior part
of valve, weak anteriorly, making wrinkles on ears; no spines.
Material.—Two ventral valves (NMV P309804, 309805).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—These specimens do not show ginglymus, a
characteristic of Reticulatia Muir-Wood and Cooper, 1960,
because their posterior margins are not preserved. However,
their shell ornamentation, such as numerous closely placed
rugae on the posterior part of the valve, indicates an affinity to
this genus. Reticulatia taiyuanfuensis (Grabau in Chao, 1927,
p. 30, pl. 1, fig. 10; pl. 2, figs. 1–12; pl. 8, fig. 16) from the
Carboniferous strata of North China is the species most nearly
comparable with the present specimens, considering its small
size and shell ornament. However, the poor preservation of
these specimens precludes a definite assessment at both the
specific and generic levels.
Subfamily BUXTONIINAE Muir-Wood and Cooper, 1960
Tribe BUXTONIINI Muir-Wood and Cooper, 1960
Genus BUXTONIA Thomas, 1914
BUXTONIA sp.
Figure 4.9
Description.—Shell surface of dorsal valve ornamented with
concentric growth lamellae and nodose costae; growth
lamellae irregular in interval and somewhat narrower on
marginal part of valve, lamellae near anterior margin bearing
small prone spine bases; costae relatively irregular, fine,
shallow, and interrupted by growth lamellae, in number about
nine per 3 mm on anterior part of the valve; crests of the
costae slightly rounded to flat and troughs very narrow; small
pits dispersed irregularly.
Material.—An incomplete dorsal external mold (NMV
P309806).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—The ornamentation of this specimen, especially
the nodose costae, is similar to that of Buxtonia Thomas, 1914.
The present specimen closely resembles a specimen figured as
B. scabricula (Martin) by Sarytcheva and Sokolskaya (1952,
p. 101, pl. 16, fig. 114) from the Moscow Basin of Russia in the
ornamentation of the dorsal valve, which is composed of weak
costae and growth lamellae. Comparable species from China,
B. rugulosa Fan of He et al. (1995, p. 81, pl. 58, figs. 4, 24–26)
and B. xinjiangensisWang and Yang (1998, p. 79, pl. 6, figs. 2–
7) have more distinct and wrinkled growth lamellae on the
dorsal valve when compared with similar features of the
present material.
Superfamily ECHINOCONCHOIDEA Stehli, 1954
Family ECHINOCONCHIDAE Stehli, 1954
Subfamily ECHINOCONCHINAE Stehli, 1954
Tribe CALLIPROTONIINI Lazarev, 1985
Genus CALLIPROTONIA Muir-Wood and Cooper, 1960
CALLIPROTONIA sp.
Figure 4.10–4.11
Description.—Shell small for genus, about 5.2 mm wide and
5 mm long; outline of dorsal valve subcircular; hinge line
straight, narrower than greatest width at midvalve. Dorsal
valve nearly flat in profile; umbonal region having small
swollen node beneath middle of hinge; ears small, cardinal
extremities acute; lateral and anterior margins rounded. Shell
surface ornamented with low concentric bands; bands distinct,
becoming broader and stronger anteriorly, about three per
2 mm on anterior part of valve, covered by spine rows; spine
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bases small and prostrate on concentric bands; crests of bands
relatively sharp with anteriorly steep slope, troughs slightly
narrower. Dorsal interior with cardinal ridges and muscle
field; cardinal ridges thickened along hinge, gradually becom-
ing thinner laterally, supporting cardinal process; cardinal
process trilobate, but poorly preserved; adductor muscle field
fan-like, posteriorly bounded by low raised ridges diverged
from cardinal ridges, extending anteriorly to about a third of
valve floor.
Material.—External and internal molds of an incomplete
dorsal valve (NMV P309807, 309808).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—This species closely approximates the morpho-
logical features of Calliprotonia Muir-Wood and Cooper,
1960, such as flattened concentric bands and the trifurcate
cardinal process. The present material however differs from C.
renfrarum Muir-Wood and Cooper (1960, p. 247, pl. 81, figs.
1–13) by its smaller size, narrower troughs of concentric
bands, and absence of lateral ridges extending around the ears
to the lateral margins. Calliprotonia inexpectum (Cooper,
1957, p. 48, pl. 8C, figs. 13–26) from the Permian of central
Oregon (USA) differs from the present species by its larger
size, strongly concave dorsal valve, and the presence of more
spine rows on the concentric bands of the dorsal valve, as well
as the presence of a prominent median septum in the dorsal
interior.
Superfamily LINOPRODUCTOIDEA Stehli, 1954
Family LINOPRODUCTIDAE Stehli, 1954
Subfamily LINOPRODUCTINAE Stehli, 1954
Genus LINOPRODUCTUS Chao, 1927
LINOPRODUCTUS sp.
Figure 4.12–4.13
Description.—Shell small for genus, mostly transverse and
subquadrate in outline; greatest width slightly posterior to
midvalve; profile weakly concavo-convex; hinge slightly
narrower than width. Ventral valve evenly curved in profile;
beak strongly curved; costellae numerous, coarse, fairly even
with few intercalations, crests rounded with narrower troughs;
concentric rugae well developed on posterior part of valve,
weaker anteriorly, with broad wrinkles on flanks. Dorsal valve
nearly flat to slightly concave in profile; ear small and
wrinkled, cardinal extremities acute; costellae finer and
sharper than those of ventral valve, numbering about eight
to nine per 3 mm on anterior part of valve, interrupted by
concentric rugae; concentric rugae irregular but anteriorly
increasing in height; spines along hinge only, poorly preserved.
Dorsal interior with small and circular alveolus; cardinal
ridges thin, with antero-laterally divergent ridges bounding
posterior part of muscle field; breviseptum originating from
alveolus anteriorly to midvalve, forming low thin ridge; muscle
field subtriangular, bisected by breviseptum, extending ante-
riorly to about a third of dorsal disc.
Material.—An internal mold of a dorsal valve (NMV
P309809) and an external mold of a dorsal valve (NMV
P309810).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—Despite the poor preservation, the present
materials show morphological features of Linoproductus
Chao, 1927, including a subquadrate outline, ornamentation
composed of fine costellae and irregular rugae, rugose ears,
and the presence of an alveolus and a long breviseptum in the
dorsal interior. This species is characterized by its transverse
outline with a hinge slightly narrower than the greatest width
of the midvalve. Although both Productus (Linoproductus?)
mammatus Keyserling figured by Grabau (1931, p. 288, pl. 29,
figs. 10–13) from Mongolia and Linoproductus sp. A Gobbett
(1964, p. 100, pl. 11, fig. 6) from Svalbard in the Arctic have a
transverse outline, they differ from the present species in
having their greatest width at the hinge. The specimens figured
as L. liaoningensis Liu by Fan and He (1999, pl. 19, figs. 13–
17) from China is transverse in outline and widest in the
midvalve, but it is distinguished from the present specimens by
its rounded cardinal extremities and a more convex ventral
valve. The lack of a dorsal interior of L. liaoningensis makes it
difficult to compare them. Linoproductus cora inganensis
Wang and Yang (1998, p. 99, pl. 16, figs. 11–17) from China
is also similar to our species, as both have the greatest width
on the midvalve, wrinkled ears, and a breviseptum about half
the length of the dorsal valve, but the former is much larger in
shell size and more elongate in outline.
Order ORTHOTETIDA Waagen, 1884
Suborder ORTHOTETIDINA Waagen, 1884
Superfamily ORTHOTETOIDEA Waagen, 1884
Family ORTHOTETIDAE Waagen, 1884
Genus ORTHOTETES Fischer de Waldheim, 1829
ORTHOTETES sp.
Figure 4.14
Description.—Large shell fragment slightly convex in
profile, concentrically wrinkled, and partly distorted; anterior
margin relatively rounded. Shell surface ornamented by
numerous costellae; costellae fine, distinct, interrupted by
concentric growth lirae, increasing in number anteriorly by
bifurcations, about 13 per 10 mm on anterior margin; crests of
costae nearly flat and troughs much narrower than crests;
concentric growth lamellae present at irregular intervals.
Material.—An internal mold of a shell fragment showing
shell ornament (NMV P309811).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—Although the present material does not
preserve the hinge part or internal structures, it nevertheless
exhibits shell ornamentation characteristic of the genus
Orthotetes Fischer de Waldheim, 1829. Orthotetes radiata
Fischer de Waldheim, 1850 from Russia resembles the
present specimen in its distorted valve with well-developed
concentric lirae on the anterior margin, but the former has
relatively continuous costellae. The specimens figured as O.
plana Ivanov by Sarycheva and Sokolskaya (1952, p. 52, pl.
8), also from Russia, are closely similar to this species in
having a large shell, nearly flat convexity, and costellation
interrupted by concentric growth lirae. Two comparable
Chinese species, O. huagongensis Liao (1979, p. 533, pl. 1,
figs. 28–30) and O. regularis (Waagen) figured by Wang
and Yang (1998, p. 65, pl. 2, figs. 10–15), differ from this
species by having a more strongly convex valve with con-
tinuous costellae.
Family DERBYIIDAE Stehli, 1954
Genus DERBYIA Waagen, 1884
DERBYIA sp.
Figure 5.1–5.6
Description.—Shell of average size for genus; outline
transversely subquadrate; profile flatly biconvex, with central
valve only shallowly conical, both valves tending to be
wrinkled concentrically; interarea high, flat, apsacline; pseu-
dodeltidium short, evenly arched. Shell surface ornamented by
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FIGURE 5—1–6, Derbyia sp.: 1, NMV P309812, ventral view of latex cast of a ventral external mold,32; 2, NMV P309817, dorsal view of latex cast of
a dorsal external mold with partial ventral interior,32; 3, NMV P309813, ventral view of latex cast of an incomplete ventral external mold,31; 4, NMV
P309814 (a) and NMV P309815 (b), latex cast of external mold of two incomplete ventral valves,31; 5, NMV P309814, posterior view of latex cast of an
incomplete ventral external mold, 31; 6, NMV P309816, ventral view of an internal mold of ventral valve, 31; 7–11, Meekella sp.: 7, NMV P309819,
ventral view of an incomplete ventral internal mold, 31.5; 8, NMV P309820, ventral view of an incomplete ventral internal mold, 31.5; 9, NMV
P309822, shell fragment showing shell ornamentation,32; 10, NMV P309818, latex cast of an incomplete ventral external mold,32; 11, NMV P309821,
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numerous costellae; costellae very sharp in cross-section view,
increasing in number anteriorly by intercalation; small pits
randomly dispersed on shell surface. Ventral interior with
strong dental plates; dental plates short and slightly diverged;
floor of valve reflecting external costellae, with striae
becoming deeper at margin.
Material.—Four ventral external molds (NMV P309812–
309815), a ventral internal mold (NMV P309816) and a dorsal
external mold (NMV P309817).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—Derbyia? sp. Ozaki (1931, p. 148, pl. 13, figs.
10–12) from North China may be identical with the present
species in most features. In shell size and surface ornamenta-
tion, this species is also quite similar to D. crassa (Meek and
Hayden) described by Dunbar and Condra (1932, p. 79, pl. 3,
figs. 1–12) from Nebraska, except for the presence of small pits
on shell surface.
Family MEEKELLIDAE Stehli, 1954
Subfamily MEEKELLINAE Stehli, 1954
Genus MEEKELLA White and St. John, 1867
MEEKELLA sp.
Figure 5.7–5.11
Description.—Shell moderate to large for genus; outline
subquadrate; widest at anterior to midlength; hinge narrower
than shell width; cadinal extremities acute; lateral margin
broadly rounded. Ventral valve nearly flat, except for swollen
and short ridge-like umbo; shell surface ornamented with
numerous plications and costellae; plications broadly radial,
variable in width and inter-plicae trough, commencing from
posterior part of shell, within about 10 mm of umbo; costellae
fine but distinct, originating from beak, numbering about 10
in 5 mm on midvalve, increasing anteriorly by intercalation,
crests of costellae sharp and scabrous, with wider troughs
between them; concentric growth lamellae present at irregular
intervals, distinct close to margin.
Material.—An incomplete ventral external mold (NMV
P309818), three incomplete ventral internal molds (NMV
P309819–309821) and a shell fragment (NMV P309822).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—Shell plications vary in width and shape in
these specimens. Shi et al. (2001) showed that juveniles of
some species of Meekella, White and St. John, 1867 do not
have plications on the shell surface. Therefore, the variation of
plication might be related to the degree of shell growth as a
feature of ontogeny. The present species is similar to M.
bisculpta Grant (1976, p. 58, pl. 10, figs. 1–35) from Southern
Thailand in outline but closer toM. addictaGrant (1976, p. 57,
pl. 9, figs. 1–51), also from South Thailand, in plication
patterns, which begin in both species from near the beak. The
incomplete preservation of the present specimen, however,
prevents a definite assignment to either of the Thais species at
the specific level.
Class RHYNCHONELLATA Williams et al., 1996
Order ORTHIDA Schuchert and Cooper, 1932
Suborder DALMANELLIDINA Moore, 1952
Superfamily DALMANELLOIDEA Schuchert, 1913
Family RHIPIDOMELLIDAE Schuchert, 1913
Subfamily RHIPIDOMELLINAE Schuchert, 1913
Genus RHIPIDOMELLA Oehlert, 1890
RHIPIDOMELLA PARVA new species
Figure 6.1–6.10
Diagnosis.—Small and weakly convex Rhipidomella; costel-
lae low, separated by interspaces narrower than costellae in
width.
Description.—Shell small for genus, about 7 mm wide and
7 mm long in the largest dorsal valve; outline subovate to
subtriangular; greatest width slightly anterior to midvalve;
hinge narrow, about one-third shell width; profile slightly
biconvex. Ventral valve slightly larger than dorsal valve;
outline of dorsal valve subcircular; umbonal regions of both
valves swollen, the rest nearly flat; beaks very close to each
other, ventral beak longer, dorsal beak pointed and rounded;
interarea low and narrow. Shell surface ornamented with
costellae, originating from umbonal region; costellae shallow,
uniform in size, increasing anteriorly by intercalation, 10–12
per 3 mm on midvalve, but weaker near margins; interspaces
narrower than costellae; growth lamellae weak, closely spaced
near valve margin; surficial pits at some specimens small and
slightly elongated, irregularly dispersed on costellae; sulcus
and fold weak or absent. Ventral interior with short and low
median septum extending anteriorly to midvalve; muscle scars
subcircular and shallow on posterior part of valve floor,
bisected by median septum; floor of valve marked by striae,
reflecting external costellae. Dorsal interior with small and
blunt cardinal process in middle of hinge plate; crura short,
divergent, supported by undifferentiated hinge plate, but
poorly preserved; median septum and muscle scars not
observed; striae of dorsal valve floor similar to ventral valve.
Etymology.—From the Latin adjective parva, very small.
Type.—Holotype, a complete dorsal external mold with
posterior part of ventral valve (NMV P309823, Fig. 6.1–
6.2).
Other material.—Four ventral external molds (NMV
P309824–309827), an incomplete ventral internal mold
(NMV P309828) and a dorsal internal impression (NMV
P309829).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—This species is characterized by its small size,
weak convexity, and the presence of a very small cardinal
process for the genus. The specimens figured as Rhipidomella
cora d’Orbigny by Ozawa (1927, p. 84, pl. 7, figs. 27, 30) from
northeast China is similar to R. parva in size but has a
different transverse outline. Rhipidomella cf. cora d’Orbigny
figured by Ozaki (1934, p. 92, pl. 19, fig. 2) from North Korea
also resembles this species in the internal structure of valve,
but it has a larger and more circular ventral valve.
r
ventral view of an incomplete ventral internal mold, 31.5; 12–14, Cleiothyridina sp.: 12, NMV P309848, ventral view of latex cast of a ventral external
mold, 32; 13, NMV P309849, dorsal view of latex cast of a dorsal external mold, 32; 14, NMV P309850, latex cast of a fragmentary ventral external
mold, 32; 15–20, Hustedia paula Roberts, 1971, all 33: 15, NMV P309852, ventral view of latex cast of a ventral external mold; 16, NMV P309851,
lateral view of latex cast of external mold of a conjoined valve; 17, NMV P309854, dorsal view of latex cast of a dorsal external mold; 18, NMV P309855,
dorsal view of latex cast of a dorsal external mold; 19, NMV P309853, ventral view of latex cast of a ventral external mold; 20, NMV P309856, dorsal
view of latex cast of external mold of a dorsal valve with foramen of ventral valve; 21–22,Martinia sp.: 21, NMV P309857, ventral view of latex cast of a
ventral external mold, 32; 22, NMV P309858, ventral view of a ventral internal mold, 33. Scale bars are 5 mm.
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Rhipidomella longwangtangensis Fan (in He et al., 1995, p. 77,
pl. 54, figs. 45–48) from China resembles this species in size
but is more convex in transverse view. Rhipidomella pecosi
(Marcou) figured by Wang and Yang (1998, p. 62, pl. 2, fig. 5)
from China is similar in size and outline, but it has well-
developed growth lamellae. Rhipidomella sp. Tazawa (1984,
p. 305, pl. 61, figs. 5–7) from Japan from the Visean is large in
size and has large and distinct muscle scars in the interior of
the ventral valve. Rhipidomella cordialis Grant (1976, p. 37, pl.
2, figs. 31–41; pl. 3, figs. 1–53), the Permian species from
Thailand, is similar to this species in outline and the existence
of surficial pits on the valve, but it differs in having stronger
convexity, more distinct growth lines, weaker costellae, and
larger cardinal process. The present species has some features
characteristic of Perditocardinia Schuchert and Cooper, 1931,
but the latter genus does not have interareas, which are very
distinctive in Rhipidomella.
RHIPIDOMELLA sp. A
Figure 6.11–6.15
Material.—Four ventral external molds (NMV P309830–
309833).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—This species is similar to Rhipidomella parva in
size and convexity but differs in having costellae that are
narrower than the interspaces, and it lacks surficial pits. Also,
this species is slightly wider and more pentagonal in outline
and lacks growth lamellae on the marginal part of valve.
RHIPIDOMELLA sp. B
Figure 6.16–6.20
Material.—A dorsal external mold conjoined with posterior
part of ventral valve (NMV P309834) and two ventral internal
molds (NMV P309835, 309836).
FIGURE 6—1–10, Rhipidomella parva n. sp., all 34: 1–2, NMV P309823, holotype, dorsal and posterior views of latex cast of a complete dorsal
external mold with posterior part of ventral valve; 3, NMV P309829, an internal impression of dorsal valve; 4–5, NMV P309824, ventral and lateral
views of latex cast of a ventral external mold; 6–8, NMV P309825 (a) and NMV P309826 (b), ventral, lateral, and posterior views of latex cast of two
ventral external molds; 9, NMV P309827, ventral view of latex cast of an incomplete ventral external mold; 10, NMV P309828, ventral view of a ventral
internal mold; 11–15, Rhipidomella sp. A, all 34: 11–12, NMV P309830, ventral and lateral views of latex cast of a ventral external mold; 13, NMV
P309831, ventral view of latex cast of a ventral external mold; 14, NMV P309832, ventral view of latex cast of an incomplete ventral external mold; 15,
NMV P309833, ventral view of latex cast of an incomplete ventral external mold; 16–20, Rhipidomella sp. B.: 16–17, NMV P309834, dorsal and posterior
views of latex cast of a dorsal external mold with ventral fragment, 34; 18–19, NMV P309835, a ventral internal mold and the latex cast, 34; 20, NMV
P309836, latex cast of a juvenile ventral internal mold, 325. Scale bars are 5 mm except 20, where bar is 1 mm.
426 JOURNAL OF PALEONTOLOGY, V. 84, NO. 3, 2010
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—This species is also comparable to Rhipido-
mella parva in size and Rhipidomella sp. A in outline but is
distinct in having costae that are as wide as their interspaces
and become stronger near the margins. This species is also
characterized by its strongly convex ventral valve and
umbonal region. The ventral interior of this species has
strong, knob-like hinge teeth and a thickened muscle area. The
ventral interior resembles that of small specimens of R.
cordialis Grant (1976, p. 37, pl. 2, fig. 31–33) from Thailand.
Perditocardinia aff. P. dubia (Hall) figured by Schuchert and
Cooper (1932, pl. 19, figs. 14, 15) from the Mississippian strata
of Missouri (USA) is also similar to the present specimens in
shell ornamentation and muscle scars of the ventral interior
but the former lacks interareas.
Order RHYNCHONELLIDA Kuhn, 1949
Superfamily STENOSCISMATOIDEA Oehlert, 1887
Family STENOSCISMATIDAE Oehlert, 1887
Subfamily STENOSCISMATINAE Oehlert, 1887
Genus STENOSCISMA Conrad, 1839
STENOSCISMA WOOI new species
Figure 7.1–7.20
Stenoscisma mutabilis (CHERNYSHEV); LI AND GU, 1980,
p. 486, pl. 1, fig. 4.
Diagnosis.—Stenoscisma with relatively small camarophor-
ium; both sulcus and costae originating anterior to umbo;
costation distinct on sulcus and fold but weaker laterally on
flanks.
Description.—Shell small for genus, ranging from 4 to
20 mm in visible width, widest at midvalve; outline slightly
rectangular to subpentagonal; moderately unequally biconvex
in profile. Ventral valve moderately curved in lateral view;
umbonal region most convex, gradually flattened anteriorly;
cardinal extremities bluntly rounded; sulcus narrow, generally
weak to moderately developed, originating anterior to umbo;
costae strong and well-developed in sulcus, increasing ante-
riorly by intercalation, numbering about five in 5 mm, starting
from anterior part of umbo, separated by equidimensional or
slightly narrower interspaces, but weaker to absent laterally on
flanks; growth lamellae weak, only present on marginal part of
valve. Dorsal valve more convex than ventral valve, greatest at
umbo; flattened anteriorly; fold weak; pattern of costae
similar to that of ventral valve. Ventral interior with well-
developed and deep spondylium; median septum low near
apex, higher anteriorly, highest at anterior edge of spondy-
lium, then lowering toward anterior margin, extending
forward to beyond mid-length; distinct muscle markings not
observed within spondylium; pallial markings present in some
specimens. Dorsal interior with small and low cardinal
process; cardinal process trilobed on raised posterior surface
of hinge plate, with shallow and weak diductor marks on its
lateral sides; hinge plate undivided, broad in middle, narrower
laterally; camarophorium oval in shape, shallow, and small,
about 1.5 mm wide, 2 mm long, ventrally curved on high
median septum; median septum thinner and lower toward
anterior margin; intercamarophorial plate thin and low, but
distinct; adductor scars absent.
Etymology.—Named after J. Woo (Seoul National Uni-
versity) who found some of the specimens for the first time.
Type.—Holotype, an internal mold of conjoined valve
(NMV P309837, Fig. 7.1–3).
Other material.—Four internal molds of conjoined valves
(NMV P309838–309841), a ventral valve (NMV P309842), a
ventral external mold (NMV P309843), a dorsal external mold
(NMV P309844), two ventral internal molds (NMV P309845–
309846) and a dorsal internal mold (NMV P309847).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek); Pennsylvanian, northeastern China.
Discussion.—Ozaki (1931) described three new species from
northeast China: Rhynchonella? gregaria var. biplicata, Ca-
marophoria tanankouensis, C. shanhsiensis. Later, all of these
were assigned to Stenoscisma Conrad, 1839 in view of their
outline and costation by Wang et al. (1964). Stenoscisma wooi
is different from these three species in having costae
originating from the anterior part of the umbo and in having
a weaker sulcus and fold. Stenoscisma mutabilis (Chernyshev,
1902, p. 491, pl. 22, fig. 18; pl. 23, fig. 10; pl. 45, figs. 1–15, pl.
46, fig. 14) from the Carboniferous strata of Russia is similar
to S. wooi in the costation pattern on the flanks but differs in
having a broader sulcus and costae originating from umbo.
Stenoscisma wooi is also distinguished from S. venustum
(Girty, 1909, p. 303, pl. 31, figs. 6–6c) in Texas by the presence
of a very small camarophorium, despite their similarity in
outline and costation. Stenoscisma sp. A figured by Grant
(1976, p. 186, pl. 50, figs. 1–8) from the Permian of Thailand
also has a small camarophorium, but its costae are almost
restricted to the fold, with nearly smooth flanks.
Li and Gu (1980, p. 486) reported two specimens of
Stenoscisma mutabilis (Chernyshev) from northeast China.
However, one of them (pl. 1, fig. 4) differs from S. mutabilis in
having a narrow sulcus and costae commencing anterior to the
umbo. These characters of the specimen are completely
comparable to those of S. wooi; therefore, the specimen
should be assigned to S. wooi. On the other hand, the second
specimen figured by Li and Gu (1980, pl. 1, fig. 5) is similar to
S. mutablis in having a relatively broader sulcus and costae
starting from the umbo.
Juvenile specimens of Stenoscisma wooi show morphological
characters including an elongated outline and a sulcus bearing
weaker costae starting from the more anterior part of valve.
These features are similar to the morphology of S. yanjiensis
Li and Gu (1980, p. 486, pl. 1, fig. 11) from China. However, a
precise comparison between them is not possible; detailed
examination of S. yanjiensis is limited due to the poor
preservation.
Order ATHYRIDIDA Boucot, Johnson, and Staton, 1964
Suborder ATHYRIDIDINA Boucot, Johnson, and Staton, 1964
Superfamily ATHYRIDOIDEA Davidson, 1881
Family ATHYRIDIDAE Davidson, 1881
Subfamily CLEIOTHYRIDININAE Alvarez, Rong,
and Boucot, 1998
Genus CLEIOTHYRIDINA Buckman, 1906
CLEIOTHYRIDINA sp.
Figure 5.12–5.14
Description.—Shell small for genus, about 10 mm wide and
12 mm long in nearly complete ventral valve; outline slightly
elongated, slightly longer in ventral valve, with maximum
width at midvalve; profile gently biconvex, most convex on
umbonal region, almost flat near midlength in both valves;
anterolateral margin of valve rounded; sulcus and fold not
prominent. Shell surface ornamented with concentric lamellae;
lamellae originating from beak, irregular in intervals but
generally narrow, numbering 15 per 4 mm on anterior part of
valve, somewhat narrower toward margin, dispersed on whole
valve but more distinct on anterior part of valve, all concentric
lamellae bearing spine bases; spines minute, prone, fringe,
broader and longer toward margin of valve.
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FIGURE 7—1–20, Stenoscisma wooi n. sp.: 1–3, holotype, NMV P309837, posterior, lateral, and oblique views of internal mold of a conjoined shell,
33; 4–7, NMV P309838, ventral and posterior views of internal mold of a conjoined shell, anterior view of the latex cast, and magnified spondylium and
camarophorium, 33, 33, 33, 38; 8–9, NMV P309839, posterior and dorsal views of internal mold of a conjoined shell, 33, 35; 10, NMV P309842,
ventral view of a ventral valve, 33; 11, NMV P309843, ventral view of latex cast of a ventral external mold, 33; 12, NMV P309844, dorsal view of latex
cast of a dorsal external mold, 33; 13, NMV P309840, posterior view of internal mold of a conjoined shell, 33; 14, NMV P309841, posterior view of
internal mold of a conjoined shell, 34; 15–17, NMV P309845, lateral, ventral, and posterior views of a ventral internal mold, 34; 18, NMV P309846,
latex cast of a juvenile ventral internal mold, 36; 19–20, NMV P309847, dorsal and posterior views of a dorsal internal mold, 34. Scale bars are 5 mm.
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Material.—A nearly complete ventral external mold (NMV
P309848), a complete dorsal external mold (NMV P309849)
and a fragmentary ventral external mold (NMV P309850).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—The present specimens are closely comparable
to small specimens of Cleiothyridina seriata Grant (1976,
p. 199, pl. 53, figs. 1–30; pl. 54, figs. 1–62; text-fig. 18) from the
Permian of Thailand in elongated outline, weak convexity,
and presence of fringe-like spines, but differs in having spine
bases on all lamellae. Cleiothyridina pectinifera (Sowerby)
figured by Grabau (1934, p. 111, pl. 7, fig. 11) from South
China is also similar to the present specimens in small size and
weak convexity. However, this species differs from the
holotype of C. pectinifera (Sowerby, 1840 in 1840–1846,
p. 14) in having a small, flat shell and longitudinal outline.
Another comparable species from China, C. royssii (L’Eveille)
of Grabau (1934, p. 110, pl. 7, figs. 9, 10) and of Ozaki (1939,
p. 270, pl. 43, figs. 8a–8q) are generally wider in outline and
more convex than the present specimens.
Suborder RETZIIDINA Boucot, Johnson, and Staton, 1964
Superfamily RETZIOIDEA Waagen, 1883
Family NEORETZIIDAE Dagys, 1972a
Subfamily HUSTEDIINAE Grunt, 1986
Genus HUSTEDIA Hall and Clarke, 1893
HUSTEDIA PAULA Roberts, 1971
Figure 5.15–5.20
Hustedia paula ROBERTS, 1971, p. 176, pl. 37, figs. 12–26.
Hustedia aff. paula Roberts; NAZER, 1977, p. 3, pl. 2, figs. 5–
11.
Hemiplethorhynchus sp. YANG, LEE, AND CHEONG, 1984,
p. 153, pl. 4, fig. 3.
Desquamatia sp. cf. D. quadrata WANG ET AL.; YANG, LEE,
AND CHEONG, 1984, p. 153, pl. 4, figs. 1, 2, 4–9.
Description.—Shell average size for genus, ranging from 2.2
to 5.0 mm in width and 2.5 to 9.0 mm in length on ventral
valve; outline elongate to suboval, widest at midvalve; hinge
narrow, about half of shell width; profile moderately
biconvex. Ventral valve longer than dorsal, constantly
convex; umbo not swollen; foramen small and circular with
diameter of about 0.5 mm; interarea low and narrow; sulcus
shallow and narrow. Dorsal valve suboval in outline, equally
convex to slightly more convex than ventral valve; dorsal beak
small and blunt; fold weak. Shell surface ornamented with
nearly uniform costae in width; costae normally distinct,
narrow and curved antero-laterally, originating from beak,
numbering 12 to 19 on ventral valve but typically 17,
sometimes increasing by intercalation, two median costae
on both valves, crests rounded; interspaces flat-bottomed and
usually wider than costae; growth lamellae unusually devel-
oped on marginal part of valve in some specimens. Shell
interiors unknown.
Material.—An incomplete external mold of a conjoined
valve (NMV P309851), two ventral external molds (NMV
P309852, 309853), and three dorsal external molds (NMV
P309854-309856).
Occurrence.—Mississippian (Visean), Australia; Pennsylva-
nian (Moscovian), Korea (Taebaek).
Discussion.—The present specimens are identical to the
specimens Hemiplethorhynchus sp. and Desquamatia sp. cf. D.
quadrata Wang et al. reported by Yang et al. (1984) from a
locality of the present study. However, they cannot be
assigned to Hemiplethorhynchus von Peetz, 1898 or Desqua-
matica Alekseeva, 1960 due to their elongated outline,
relatively strong costae, and straight commissure. These
characteristics indicate that the species is better associated
with Hustedia paula Roberts, 1971 from the Visean beds of
Australia. This species also resembles H. deminuta Wang
(1955, p. 164, pl. 97, figs. 23–26) from the Carboniferous of
China in its relatively elongated outline and number of costae
but has much narrower costae and wider interspaces. The
specimen figured as Hustedia tulensis (Pander) by Sarytcheva
and Sokolskaya (1952, p. 231, pl. 68, fig. 393) from the
Moscow Basin of Russia is similar in the number of costae,
but it has a wider outline.
Order SPIRIFERIDA Waagen, 1883
Suborder SPIRIFERIDINA Waagen, 1883
Superfamily MARTINIOIDEA Waagen, 1883
Family MARTINIIDAE Waagen, 1883
Subfamily MARTINIINAE Waagen, 1883
Genus MARTINIA M’Coy, 1844
MARTINIA sp.
Figure 5.21–5.22
Description.—Shell small for genus, about 16 mm wide and
12 mm long in the largest ventral valve; outline subtriangular
to subpentagonal and slightly transverse; greatest width at
midvalve. Ventral valve moderately convex in lateral profile,
most convex at umbo and flattened anteriorly, but evenly and
moderately convex in anterior view; beak acute and strongly
curved; umbonal slope steep; sulcus weak, originating from
midvalve; shell surface smooth, micro-ornament not observed.
Ventral interior with median groove and lateral pallial
markings; median groove thin, shallow, extending anterior
to midvalve; pallial markings weak, like thin and low ridges,
observed only on posterior part of valve floor, somewhat
symmetrical with respect to median groove; muscle marks
absent.
Material.—A ventral external mold (NMV P309857) and a
ventral internal mold (NMV P309858).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—This species resembles Martinia mongolica
Grabau (1931, p. 180, pl. 15, figs. 1–4; pl. 18, fig. 1) from
Mongolia in its small shell size and similar outline, but M.
mongolica has well-recognized costellae and concentric growth
lines on the shell surface. Martinia sp. He et al. (2005, p. 935,
figs. 4.15–4.17), from the Permian of China, shows an internal
morphology of a ventral valve composed of a median groove
and radial pallial markings, which is similar to that of the
present specimens. But the former differs from the latter by
having a large-sized shell. The present specimens are closely
similar to M. semiplana Waagen of Ozawa (1927, p. 87, pl. 7,
figs. 18–19) and M. cfr. semiplana Waagen of Ozaki (1931,
p. 81, pl. 9, figs. 11–13) from northeast China in having a
small-sized shell with a subpentagonal outline, a weak sulcus,
and smooth shell ornamentation on the ventral valve.
However, it is difficult to assign it at the species level due to
the lack of a dorsal valve in the present species.
Superfamily SPIRIFEROIDEA King, 1846
Family CHORISTITIDAE Waterhouse, 1968
Subfamily CHORISTITINAE Waterhouse, 1968
Genus CHORISTITES Fischer de Waldheim, 1825
CHORISTITES PAICHINGIENSIS Ozaki, 1931
Figure 8.1–8.9
Spirifer (Choristites) paichingiensis OZAKI, 1931, p. 47, pl. 3,
figs. 9–10.
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Choristites paichingiensis OZAKI; WANG, CHING, AND
FANG, 1964, p. 492, pl. 90, figs. 5–7; FAN AND HE, 1999,
pl. 27, fig. 1.
Diagnosis.—Choristites with widest hinge line, very narrow
sulcus, slightly divergent dental plate, numerous small
denticles along hinge line, and well-developed reticulated
vascular system.
Description.—Shell of average size for genus, about 45 mm
wide and 43 mm long in largest ventral valve; greatest width at
hinge; outline subcircular; biconvex in profile. Ventral valve
strongly convex in profile; umbonal region slightly swollen;
FIGURE 8—1–9, Choristites paichingiensis Ozaki, 1931: 1–3, NMV P309859, ventral, lateral, and posterior views of latex cast of a ventral external
mold, 31; 4–5, NMV P309860, dorsal and anterior views of latex cast of a dorsal external mold, 31; 6–7, NMV P309861, an internal mold of ventral
valve and the latex cast, 31; 8, NMV P309862, anterior view of latex cast showing ventral vascular system, d.p.: dental plate, 31.5; 9, NMV P309863,
dorsal view of a dorsal internal mold, 31; 10–12, Choristites sp.; 10, NMV P309864, ventral view of latex cast of a ventral external mold, 31; 11, NMV
P309865, ventral view of a ventral internal mold, 31; 12, NMV P309866, dorsal view of latex cast of a dorsal external mold, 31; 13–22, Spiriferella? sp.,
all 33; 13, NMV P309867, ventral view of latex cast of a ventral external mold; 14, NMV P309868, ventral view of latex cast of a ventral external mold;
15–16, NMV P309869, lateral and ventral views of a ventral external mold; 17–18, NMV P309870, ventral and anterior views of latex cast of a ventral
external mold; 19, NMV P309873, latex cast of a ventral internal mold; 20, NMV P309874, ventral view of a ventral internal mold; 21, NMV P309871,
ventral view of latex cast of a ventral external mold; 22, NMV P309872, ventral view of latex cast of a ventral external mold. Scale bars are 5 mm.
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sulcus originating from beak, very narrow but distinct
anteriorly; costae numerous, shallow, originating from beak
and anteriorly increasing by bifurcation; interspaces much
narrower than costae; concentric growth lamellae well
developed on marginal part of valve. Dorsal valve less convex
than ventral valve in profile; numerous small denticle grooves
well-developed along hinge line; fold very weak, originating
from beak; costae similar to that of ventral valve. Ventral
interior with slightly divergent dental plates; dental plates
long, extending anteriorly nearly to midvalve; vascular system
well-impresssed and reticulate.
Material.—A ventral external mold (NMV P309859), a
dorsal external mold (NMV P309860), two ventral internal
molds (NMV P309861, 309862) and a dorsal internal mold
(NMV P309863).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek), Pennsylvanian, northeastern China.
Discussion.—The present specimens are very similar to
Choristites paichingiensis Ozaki, 1931 in outline and in the
wide hinge line and narrow sulcus as well as in the pattern of
costation. Choristites paichingiensis was recognized based on
two incomplete specimens from northeastern China and lacks
a detailed diagnosis. Since 1931, C. paichingiensis has seldom
been reported from anywhere in East Asia. Choristites
paichingiensis from Taebaek contains previously unknown
internal structures, including the existence of numerous small
denticles along the hinge line and a well-developed and
complex vascular system. In addition, as Ozaki (1931)
mentioned, young specimens of C. paichingiensis display a
wider outline.
Choristites paichingiensis is similar to C. weiningensis
(Grabau) figured by Chao (1929, p. 23, pl. 4, figs. 7, 8) and
C. yuani Chao (1929, p. 28, pl. 3, fig. 8) from the
Carboniferous of China in having flat costae. However, C.
weiningensis has a much more distinct fold, and C. yuani is
characterized by a well-developed sulcus on the anterior of the
dorsal valve as well as a wide outline.
CHORISTITES sp.
Figure 8.10–8.12
Description.—Shell of moderate size for genus, about 56 mm
wide and 47 mm long in nearly complete specimen; greatest
width at midvalve; outline transversely subpentagonal, with
rounded anterior and lateral sides; biconvex in profile. Ventral
valve gently convex in profile; umbonal region moderately
convex, gradually flattened anteriorly and laterally; interarea
present, but poorly preserved; sulcus originating from umbo,
narrow and weak on umbonal region, broaden anteriorly from
midvalve; costae numerous, shallow but distinct, originating
from umbonal region and anteriorly increasing by bifurcation,
broad near sulcus, about three in 5 mm on midvalve, but
laterally narrower, about four in 5 mm; interspaces much
narrower than costae; concentric growth lamellae observed
only on marginal part of valve. Dorsal valve most convex at
umbo; fold shallow but distinct, beginning from umbo; costae
similar to that of ventral valve. Ventral interior with nearly
parallel dental plates; dental plates long, extending anteriorly
nearly to midvalve, then combined into low median ridge on
floor of midvalve; spaces between dental plates variable but
generally narrow; median ridge short and low; muscle scars
not observed; floor of valve reflecting external costae, with
numerous striae becoming more distinct at anterior part.
Material.—A ventral external mold (NMV P309864), a
ventral internal mold (NMV P309865) and a dorsal external
mold (NMV P309866).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—This species is more similar to Choristites
paichingiensis in many features than it is to any other
Choristites species. However, it can be distinguished by its
completely parallel and long dental plates, as well as by its
wider outline, a broad sulcus, and a well-developed fold.
Family SPIRIFERELLIDAE Waterhouse, 1968
Genus SPIRIFERELLA Chernyshev, 1902
SPIRIFERELLA? sp.
Figure 8.13–8.22
Description.—Shell small for genus, about 11mm wide and
10 mm long in the largest specimen; outline varying from
slightly transverse to elongate. Ventral valve gently curved,
most convex at umbo, gradually flattened anteriorly and
laterally; beak short, acute, gently curved; interarea narrow
and low; sulcus narrow and distinct, originating from beak,
bounded by two strongest plications, having costae with
growth; lateral plications shallow but distinct, beginning
within about 2 mm of beak, laterally weaker and narrower,
four to six plicae on each flank, increasing anteriorly with
growth, crests of plicae rounded with narrow troughs between
them; concentric rugae observed in anterior part of valve.
Ventral interior with short and strong dental plates; adminic-
ula distinct, divergent, forming outline of muscle area; median
septum low, separating muscle area; muscle area large and
oval; adductor scars long, narrow, surrounded by large
diductor scars.
Material.—Six ventral external molds (NMV P309867-
309872) and two ventral internal molds (NMV P309873,
309874).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—Strong plications, divergent dental adminic-
ula, and a deeply impressed muscle area of this species all
suggest those of Spiriferella Chernyshev, 1902, in spite of its
relatively low interarea and absence of micro-ornamentaion.
The species figured as Spirifer (Dienerina) tibetanus Diener
by Ozaki (1931, p. 70, pl. 8, figs. 3–5) from North China
closely resembles the present species in outline, size, and
pattern of plications, but it has fewer plications. Spiriferella
wimanni Grabau (1931, p. 138, pl. 19, figs. 2, 3, 5b; pl. 20,
fig. 8; pl. 22, fig. 9; pl. 23, fig. 3) from the Permian of
Mongolia is similar to the present species in convexity and
plications but has a higher interarea as well as a larger size.
Spiriferella pseudodraschei Einor (in Likharev and Einor,
1939, p. 219, pl. 24, figs. 6–9) from the Permian of Russia
also presents similar features to our species in the pattern of
plications and in its oval muscle field divided by a low
median septum. However, S. pseudodraschei has a much
higher interarea.
Superfamily PAECKELMANELLOIDEA Ivanova, 1972
Family STROPHOPLEURIDAE Carter, 1974
Subfamily PTEROSPIRIFERINAE Waterhouse, 1975
Genus ALISPIRIFER Campbell, 1961
ALISPIRIFER sp.
Figure 9.1–9.8
Description.—Shell small for genus, ventral valve about
15 mm wide and 5.5 mm long; greatest width at hinge line;
hinge straight; outline transverse with acute cardinal extrem-
eties; biconvex in profile. Ventral valve moderately curved in
lateral view; umbonal region most convex with steep apical
angle; flanks slightly convex with steeper margin; beak small
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and acute; interarea triangular and wide, about 2 mm in
height, catacline to weakly apsacline, transversely striated by
closely-spaced growth lamellae; delthyrium open, narrow, and
triangular; sulcus simple, narrow and moderately developed,
becoming wider and deeper anteriorly, about 3 mm in width
on anterior margin, originating from umbo, bounded by two
lateral plications; flanks ornamented by plications; seven
plicae on each side of the sulcus; plicae strong and rounded,
wider than interspace, emerging from umbonal region,
increasing by intercalation on most lateral margins, curved
anterolaterally; concentric growth lamellae well-developed on
whole surface, irregularly spaced; no capillae. Dorsal valve
much less convex than ventral valve; numerous small denticle
grooves well developed along hinge line, about 22 per 5 mm;
fold low and narrow, without median furrow; ornamentation
similar to that of the ventral valve. Ventral interior with thin
and low median ridge enclosed parallel, long and shallow
grooves; dental plates poorly preserved. Dorsal interior with
small and striated cardinal process; crural plates small and
divergent, neither reaching valve floor nor supported on
adminicula.
Material.—A ventral external mold (NMV P309875), a
ventral internal mold (NMV P309876), and a dorsal internal
mold (NMV P309877).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—Alispirifer Campbell, 1961 is characterized by
its outline shape, pattern of plication and growth lamellae,
well-developed denticle grooves, and the internal structure of
its shell, including a thin median ridge in the ventral valve, and
striated cardinal. The present specimens are comparable to the
type species, A. laminosus Campbell (1961, p. 434, pl. 55, figs.
FIGURE 9—1–8, Alispirifer sp.: 1–3, NMV P309875, ventral, lateral, and posterior views of latex cast of a ventral external mold, 33; 4–7, NMV
P309877, magnified (36) denticle grooves along hinge line, dorsal and posterior views of a dorsal internal mold, and the latex cast, 33; 8, NMV
P309876, ventral view of latex cast of a ventral internal mold, 33; 9–11, Phricodothyris reticulariformis (Ozaki, 1931), NMV P309878, posterior, dorsal,
and lateral views of latex cast of an incomplete ventral external mold, 33; 12–16, Davidsonina? sp., all 33; 12–13, NMV P309879, ventral and posterior
views of latex cast of a ventral external mold; 14, NMV P309880, latex cast of a ventral internal mold showing high interarea; 15, NMV P309881, latex
cast of a ventral internal mold; 16, NMV P309882, ventral view of a ventral internal mold; 17–18, Punctospirifer? sp.: 17, NMV P309883, ventral view of
a ventral external mold, 33; 18, NMV P309884, ventral view of a ventral external mold, 32; 19–23, Spiriferellina sp.: 19, NMV P309885, latex cast of a
ventral internal mold, 33; 20, NMV P309886, ventral view of a ventral internal mold, 33; 21, NMV P309888, dorsal view of latex cast of a dorsal
external mold,33; 22, NMV P309887, latex cast of a ventral internal mold,33; 23, NMV P309889, dorsal view of a dorsal internal mold,34. Scale bars
are 5 mm except 4, where bar is 1 mm.
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17–23), but they differ in having a smaller size, a different
outline, and wavy plicae. Alispirifer laminosus undatus Camp-
bell (1961, p. 437, pl. 63, figs. 3–4) also has wavy plicae but
differs from the present species in its more irregular plicae,
more than ten on each side of the sulcus, and a longitudinally
striated interarea. It also differs from A. contractus Maxwell
(1964, p. 28, pl. 5, figs. 13–24), A. laminosus var. transversus
var. Maxwell (1964, p. 28, pl. 5, figs. 33–38), and A. yagonensis
Thompson (in Roberts et al., 1976, p. 216, fig. 10) from
Australia by its smaller size. Tylothyris pyramidata (Cherny-
shev, 1902, p. 521, pl. 14, figs. 4, 5) from the Pennsylvanian of
Russia resembles the present species in small size and
transverse outline, but it has a strong fold and straight costae.
Because Alispirifer has so far only been reported from the
Visean to Bashikirian strata of Gondwana, it has been
thought to be an endemic genus. However, the discovery of
Alispirifer from Sino-Korean strata confirms that the genus
had spread into the Paleo-Tethys of low latitudes in
Pennsylvanian times. Carter et al. (1994) revised the
spiriferid brachiopods and put Alispirifer within the family
Strophopleuridae because it lacks a ventral median septum.
However, one of the present specimens shows the trace of a
ventral median septum (Fig. 9.8), a feature that has not been
known from other species of Alispirifer. Therefore, it is
possible that a ventral median septum evolved in some
younger species of this genus.
Suborder DELTHYRIDINA Ivanova, 1972
Superfamily RETICULARIOIDEA Waagen, 1883
Family ELYTHIDAE Frederiks, 1924
Subfamily PHRICODOTHYRIDINAE Caster, 1939
Genus PHRICODOTHYRIS George, 1932
PHRICODOTHYRIS RETICULARIFORMIS (Ozaki, 1931)
Figure 9.9–9.11
Squamularia reticulariformis OZAKI, 1931, p. 77, pl. 9, fig. 5.
Phricodothyris reticulariformis (OZAKI); WANG, CHING, AND
FANG, 1964, p. 549, pl. 105, figs. 1–4; FAN AND HE, 1999,
p. 148, pl. 33, figs. 40–47.
Description.—Ventral valve with short, pointed, incurved
beak and moderately convex umbo; hinge line about 16 mm
in width; interarea transverse and occupied medially by
triangular delthyrium. Concentric lamellae narrow, rela-
tively rounded, and regularly spaced on umbonal region,
about 10 lamellae in 5 mm; lamellae and interspaces between
lamellae bearing impressions of numerous, short, and thin
spines.
Material.—An incomplete ventral external mold (NMV
P309878).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek). Pennsylvanian; North China.
Discussion.—In spite of the limited preservation of the
specimen showing only the posterior part of the ventral
valve, it agrees well with Phricodothyris reticulariformis
(Ozaki, 1931) from northeast China in shell size and
ornamentation. Squamularia elegantuloides Grabau (1931,
p. 198, pl. 16, figs. 1, 2) from the Permian of Mongolia is
also comparable to the present specimen in posterior outline
of the ventral valve but is different in its large size and in
having broader concentric rugae. Phricodothyris asiatica
(Chao, 1929, p. 91, pl. 11, figs. 12–14) from the Carbonifer-
ous of China is similar to P. reticulariformis in size and
outline but differs in having broader concentric rugae with
broader interspaces as well as in having a slightly shorter
and narrower beak.
Order SPIRIFERINIDA Ivanova, 1972
Suborder CYRTINIDINA Carter and Johnson
in Carter et al., 1994
Superfamily SUESSIOIDEA Waagen, 1883
Family DAVIDSONINIDAE Ivanova, 1972
Genus DAVIDSONINA Schuchert in Schuchert and LeVene,
1929
DAVIDSONINA? sp.
Figure 9.12–9.16
Description.—Shell small for genus, ranging from 5 to
18 mm in width and 4 to 10 mm in length, pentagonal to
slightly rectangular in ventral view; hinge line straight, bearing
maximum width. Ventral valve hemipyramidal, strongly
convex in profile, most convex at umbo; beak acute and
incurved; interarea triangular, wide and high, flat to slightly
concave, extending anteriorly to about half of ventral valve;
delthyrium triangular and open; sulcus distinct, originating
from umbo, bounded by two lateral plications; plications
strong, boardering sulcus; sulcus smooth; flanks steeply
inclined laterally, ornamented with a distinct costa near sulcus
and one or two weak costae at its sides; all plications and
costae originating from beak; interspaces wider than costae.
Ventral interior with dental plates and duplex median septum,
uniting to form shallow spondylium; median septum extending
to anterior margin, highest beneath spondylium and lower
anteriorly; muscle scars not observed.
Material.—A ventral external mold (NMV P309879) and
three ventral internal molds (NMV P309880-309882).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—This species has morphological characters of
Davidsonina Schuchert (Schuchert and LeVene, 1929), includ-
ing the high interarea and the structures of the ventral interior
(spondylium and median septum). However, it is smaller and
has fewer costae with a smooth sulcus, unlike that seen in any
other species of Davidsonina. Cyrtina Davidson, 1859 in 1858–
1863, the oldest genus (Devonian) in the cyrtiniform punctuate
spiriferids and also a genus from the Cyrtinoidea bearing the
closest similarity to Suessioidea, is also similar to the present
species in its overall external form and ornament, but it differs
in having a pseudodeltidium covering the delthyrium. Never-
theless, it is likely that the present species might represent a
morphological transitional form between Cyrtinoidea and
Suessioidea.
Suborder SPIRIFERINIDINA Ivanova, 1972
Superfamily PENNOSPIRIFERINOIDEA Dagys, 1972b
Family PUNCTOSPIRIFERIDAE Waterhouse, 1975
Genus PUNCTOSPIRIFER North, 1920
PUNCTOSPIRIFER? sp.
Figure 9.17–9.18
Description.—Shell of moderate size for genus, greatest
width at hinge line; outline transversely elliptical; cardinal
extremities subangular; anterolateral margins broadly
rounded. Ventral valve slightly convex in profile, but
compressed, most convex at umbonal region; interarea high,
but low in juvenile specimens, transversely striated by weak
lamellae; sulcus wide, distinct, smooth, originating from
umbo; flanks nearly flat, with five or six strong plications;
plications narrower and lower laterally, starting from umbo-
nal region; crests of plications relatively sharp, troughs slightly
wider; punctae regular in size and normally spaced (30 to 40
punctae in 1 mm2); growth laminae not observed.
Material.—Two incomplete ventral external molds with
flattened interarea (NMV P309883, 309884).
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Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—The ovate-rectangular outline, strong plica-
tions with sharp crests, and punctae pattern shown in this
species are similar to those of Punctospirifer North, 1920.
However, it is difficult to assess its specific status due to partial
preservation and distortion of the present specimens.
Family SPIRIFERELLINIDAE Ivanova, 1972
Genus SPIRIFERELLINA Frederiks, 1924
SPIRIFERELLINA sp.
Figure 9.19–9.23
Description.—Shell moderate for genus, about 11 mm wide
and 8 mm long in largest ventral valve; outline slightly
transverse, tending to be elongated with growth, widest at
slightly anterior to hinge line; cardinal extremities subangular.
Ventral valve slightly convex in profile but compressed, most
convex at umbonal region; interarea relatively low but poorly
preserved; sulcus relatively narrow and smooth, starting from
near beak; flanks with 3–4 subangular plications; interspaces
rounded, wider than plications; concentric growth laminae
irregularly distributed but closely spaced at valve margin;
punctae irregular in size and closely spaced in whole valve (50
to 60 punctae in 1 mm2). Dorsal valve with angular narrow
fold; other ornamentations similar to those of ventral valve.
Ventral interior with dental adminicula and median septum;
dental adminicula short and slightly divergent; median septum
long and high. Dorsal interior bearing divergent crural plates.
Material.—Three ventral internal molds (NMV P309885–
309887), a dorsal external mold (NMV P309888) and a dorsal
internal mold (NMV P309889).
Occurrence.—Pennsylvanian (Moscovian), Korea (Tae-
baek).
Discussion.—This species can be assigned to Spiriferellina
Frederiks, 1924 by its closely distributed punctae, subangular
plications, and short, divergent dental adminicula and a long
median septum. The present specimens are closely similar to a
specimen assigned to Spiriferina cristata von Schlotheim
figured by Ozaki (1931, p. 172, pl. 15, figs. 14a–14c) from
northeast China in shell size, outline, and pattern of plications.
Although Waterhouse and Piyasin (1970) mentioned that the
specimen of Ozaki (1931) is close to Spiriferellina cristata (von
Schlotheim, 1816) in its general appearance, both the present
specimens and that of Ozaki (1931) are differentiated from
Spiriferellina cristata in having lower plications with a lower
sulcus and fold.
BRACHIOPOD ASSEMBLAGES AND GEOLOGIC AGE
The term ‘‘assemblage’’ is used here to refer to a biotic
association comprising a group of species occurring in the
same stratigraphic unit, and the co-occurrence of species is
here interpreted to indicate their close ecological association in
their original depositional environment. Thus, brachiopod
assemblages, as describe below, not only have chronostrati-
graphic significance, they also have important paleoecological
and paleoenvironmental implications.
We have recognized three brachiopod assemblages on the
basis of species composition from six stratigraphic horizons in
three sections (Fig. 3), all from the Pennsylvanian rocks of the
Geumcheon-Jangseong Formation. The following explains the
brachiopod species composition of each assemblage and
reveals its age based on associated microfossils such as
fusulinids and conodonts.
Choristites Assemblage.—The Choristites Assemblage con-
sists of 16 brachiopod species belonging to 15 genera from
four different stratigraphic horizons of the Gandong and
Donggwang sections. They include Buxtonia sp., Calliprotonia
sp., Linoproductus sp., Orthotetes sp., Derbyia sp., Meekella
sp., Rhipidomella parva n. sp., Stenoscisma wooi n. sp.,
Cleiothyridina sp., Martinia sp., Choristites paichingiensis,
Choristites sp., Spiriferella? sp., Phricodothyris reticularifor-
mis, Davidsonina? sp., and Punctospirifer? sp. This assemblage
is dominated by species of Choristites, which is an important
genus in the Paleo-Tethys regions during the Pennsylvanian,
although the abundance may be controlled by local environ-
ments and substrates.
In the Gangdong section, three horizons (SD, SE, and SF)
bearing the assemblage are associated with eight limestone
beds (GD1-8) (Fig. 3.1), which yield fusulinids along with
abundant other foraminifera and crinoid stems. (The occur-
rence of fusulinids from the limestone beds is displayed in
Appendix 1). These fusulinids can be correlated to a fusulinid
biozone suggested by Cheong (1973). The occurrence of
Neostaffella hanensis Cheong, 1973, N. sphaeroidea (Ehren-
berg) (Rauser-Chernousova et al., 1951), and N. cuboides
(Rauser-Chernousova in Rauser-Chernousova et al., 1951)
indicates that all of the fusulinid horizons from the Gangdong
section belong to the Neostaffella sphaeroidea var. cuboides
Subzone (Cheong, 1973). Besides, Beedeina samarica (Rauser-
Chernousova and Belyaev in Rauser-Chernousova et al., 1937)
and N. sphaeroidea in the collections can be correlated with the
Beedeina Subzone of the Yeongwol area (Lee, 1984), Fusulina
Zone of the Mitan area (Lee et al., 1988), Fusulina Zone of
Japan (Niikawa, 1978), and the Neostaffella sphaeroidea
Subzone of North China (Sheng, 1958). Cheong (1973)
suggested that the Neostaffella sphaeroidea var. cuboides
Subzone could be early Late Moscovian in age (Fig. 10). It
is noted that Beedeina Galloway, 1933 and Neostaffella
Miklucho-Maclay, 1959 have been known to be abundant in
the Moscovian.
In the Donggwang section, the horizon (MN) bearing the
Choristites Assemblage is overlain by a limestone lens (MNL)
(Fig. 3.3). The limestone lens yields a few fusulinids that also
occur in the Gangdong section (See Appendix 1). The
occurrence of Neostaffella sphaeroidea suggests that the
fusulinids belong to the Neostaffella sphaeroidea var. cuboides
Subzone (Fig. 10; Cheong, 1973).
Rhipidomella Assemblage.—The Rhipidomella Assemblage
is composed of Breileenia radiata, Reticulatia? sp., Rhipido-
mella parva, Rhipidomella sp. A, Rhipidomella sp. B, and
Alispirifer sp. All specimens of the assemblage were collected
from the MGL horizon of the Jangseong section (Fig. 3.2).
This assemblage is distinguished by the absence of species of
Choristites and a relatively high diversity of Rhipidomella
species.
The brachiopod assemblage can be dated as late Moscovian
based on the associated conodonts of the Neognathodus
roundyi Zone (Fig. 10; Park and Sun, 2001). The Neognatho-
dus roundyi Zone has been correlated with the Neognathodus
medadultimus–Neognathodus roundyi Zone of North America
(Merrill, 1975) and with the Neognathodus roundyi–Streptog-
nathodus cancellosus Zone of North China (Ding and Wan,
1990), both having been assigned to the Desmoinesian, which
is equivalent to the late Moscovian.
Hustedia Assemblage.—The Hustedia Assemblage com-
prises Cleiothyridina sp., Hustedia paula, Spiriferella? sp.,
and Spiriferellina sp. from the MG horizon of the Jangseong
section (Fig. 3.2). The assemblage is characterized by associa-
tion with abundant bivalves as well as by a dominance of
Hustedia paula. Because the Hustedia Assemblage is not
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associated with any limestone beds bearing microfossils, it is
difficult to determine the precise age of the fauna. However,
considering the age of the Rhipidomella Assemblage strati-
graphically located below and a short interval about 3 m
separating the two brachiopod assemblages (Fig. 3.2), it is
reasonable to consider the age of theHustediaAssemblage to be
late Moscovian (Fig. 10).
The bivalve assemblage associated with the Hustedia
Assemblage comprises abundant specimens of Astartella Hall,
1858 and Aviculopecten M’Coy, 1851, all of which can be
correlated with early Pennsylvanian fauna of North China,
corresponding to Serpukhovian to Moscovian age (Zhang and
Yan, 1993; Yun and Yang, 1997).
Consequently, all brachiopod assemblages are assigned to
late Moscovian (Fig. 10).
PALEOECOLOGY AND PALEOENVIRONMENT
Although Lee and Chough (2006a, 2006b) have recently
suggested a general lagoonal setting for the Geumcheon-
Jangseong Formation with pronounced lateral variations, the
relationships between the environment and their faunas have
yet to be established.
According to the lithological classification in the Hwangji
Group by Lee and Chough (2006b), the Geumcheon-
Jangseong Formation is composed of eight sedimentary
facies (Table 1). In the formation, all the fossiliferous layers
consist of gray homogeneous mudstone to fine sandstone
(Facies Fg) that is commonly associated with bioturbated
limestone (Facies Lb) (Fig. 3). The sedimentary facies Fg
can be subdivided into four subfacies based on grain size:
subfacies Fg1 mainly of fine sandstone, subfacies Fg2 of very
fine sandstone mixed with silt grains, subfacies Fg3 of
homogeneous siltstone, and subfacies Fg4 largely of claystone.
Each fossil-bearing layer belongs to one of these subfacies:
SE layer in the Gangdong section to the subfacies Fg1; MN
layer in the Donggwang section and MGL layer in the
Jangseong section to the subfacies Fg2; SF layer in the
Gangdong section and MG layer in the Jangseong section
to the subfacies Fg3; and SD layer in the Gangdong section
to the subfacies Fg4 (Fig. 3). The correlation between the
faunal composition and the subfacies can be useful not only
for understanding the relationships between sedimentary
environments and faunas but also for reconstructing their
paleoecology. Table 2 summarizes the sedimentary and
faunal characters of fossil horizons for three brachiopod
assemblages.
Choristites Assemblage.—The Choristites Assemblage is
recognized in three layers (SF, SD, SE) of the Gangdong
section and one layer (MN) of the Donggwang section
(Fig. 3.1). The SF layer of the Gangdong section (5 cm thick)
consists of dark gray homogeneous siltstone (Subfacies Fg3).
The layer is overlain by massive packstone to grainstone bed
(GD1) and its base is in contact with a dyke. The dike
intrusion caused contact metamorphism to this layer and
black shale bed. The SF layer yields a low diversity of
brachiopods, whereas the GD1 bed contains numerous
disarticulated crinoid stems and fragments that are thought
to be parts of crinoid or other echinoderms. The brachiopod
assemblage of SF layer consists mainly of Choristites
paichingiensis, Derbyia sp., and Meekella sp., but all have
low abundance. Derbyia sp. is the dominant species in this
assemblage. All brachiopod valves were disarticulated and
their shells have been completely dissolved (i.e., they are
preserved as molds).
The SD layer of the Gangdong section is composed of
brown to black homogeneous claystone (Subfacies Fg4),
which is underlain by bioturbated wackestone to packstone
bed (GD4). This layer (about 5 cm thick) is partly intruded by
a dike. It mainly contains abundant brachiopods and crinoid
stems. Poorly preserved inarticulate brachiopods are predom-
inant in this brachiopod assemblage. Choristites paichin-
giensis, Meekella sp., Linoproductus sp., and Punctospirifer?
sp. also occur. Most of the brachiopod valves are disarticu-
lated, and their axes are aligned parallel to the bedding
plane.
FIGURE 10—Correlation of biotic successions (biozones or assemblages) from the Pennsylvanian and Cisuralian sequences of the Taebaeksan Basin.
Dashed lines, uncertain age; vertical lined areas, intervals without strata. (Vertical length of blank for each Age does not reflect relative geologic
time interval.)
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The SE layer of the Gangdong section comprises massive
fine-grained sandstone about 10-cm-thick (Subfacies Fg1) and
is coarsening upward. It is overlain by a bioturbated
wackestone to packstone bed lacking chert nodules (GD6).
The SE layer yields abundant brachiopods including Chor-
istites paichingiensis, Derbyia sp., Meekella sp., Cleiothyridina
sp., and Spiriferella? sp., along with disarticulated crinoid
stems and bryozoans. Choristites paichingiensis is predominant
in the brachiopod assemblage. However, Derbyia sp. occurs
dominantly in the lower part of the SE layer composed of
finer sands. Most of the brachiopod valves are disarticulated
and arranged parallel to the bedding plane. Shell materials
have been commonly dissolved, and they are preserved as
molds.
The MN layer of the Donggwang section consists of
greenish gray, very fine sandstone mixed with some silt
(Subfacies Fg2) and is overlain by a lens-shaped bioturbated
wackestone (MNL). This layer contains abundant brachio-
pods and crinoid stems. The brachiopod assemblage is
composed of Buxtonia sp., Calliprotonia sp., Orthotetes sp.,
Rhipidomella parva n. sp., Stenoscisma wooi n. sp., Cleiothy-
ridina sp., Martinia sp., Choristites sp., Spiriferella? sp.,
Phricodothyris reticulariformis, and Davidsonina? sp. Steno-
scisma wooi is the most abundant species in the assemblage.
Brachiopod valves are preserved as molds of articulated or
disarticulated shell, whereas all of crinoid stems are disarticu-
lated.
Lee and Chough (2006a) suggested that the Geumcheon-
Jangseong Formation of the Gangdong section was deposited
in subtidal environments of an open marine setting, as
evidenced by thick bioturbated packstone and wackestone
(Fig. 11A). The abundance of Derbyia, a representative genus
of open-marine conditions, from SF and SE layers in the
Gangdong section and disarticulated brachiopod shells sup-
port this interpretation (Gibson and Gastaldo, 1987). The
Choristites Assemblage characteristic of this environment has
brachiopods with relatively large valves, such as Derbyia,
Meekella, and Choristites (Fig. 11.1). They presumably shared
the niche with crinoids and bryozoans. The composition of
each brachiopod fauna from the SF and SE layers reveals that
Derbyia is most abundant in the SF layer, reflecting a finer-
grained substrate (Subfacies Fg3), whereas Choristites is
predominant in the SE layer representing a coarser-grained
substrate (Subfacies Fg1).
In the SD layer of the Gangdong section, abrupt cessation
of carbonate deposition and the appearance of an approxi-
mately 6-m-thick homogeneous black mudstone bed were a
result of a transgression accompanied by a sea-level rise. The
sea-level rise may have caused the establishment of a relatively
oxygen-deficient environment (Wignall, 1991) and also very
likely altered the nutrient composition and quantity, the latter
being an important ecological determinant affecting the
composition, body size and abundance of brachiopods, as
recently demonstrated by Pe´rez-Huerta and Sheldon (2005)
based on evidence from the Pennsylvanian brachiopod faunas
of the Great Basin, USA. The Choristites Assemblage in the
SD layer mainly comprises numerous inarticulate brachio-
pods, plus Linoproductus, Meekella, and Punctospirifer
(Fig. 11.2). The abundance of inarticulate brachiopods, which
are known to be able to survive in poorly oxygenated waters,
is most likely related to the onset of a dysaerobic environment
(Emig, 1997). The emergence of Linoproductus in this
assemblage might be connected with the availability of a
fine-grained substrate, considering the life habit for linopro-
ductoid brachiopods (Muir-Wood and Cooper, 1960; Ager,
1967). Also likely to account for the dominance of inarticulate
and productid brachiopods in the SD layer is that the
transgression, accompanied by an increase of water depth,
may have significantly reduced the food availability in the
environment, which would have favored productids and
suppressed spiriferid species, according to Pe´rez-Huerta and
Sheldon (2005).
The MN layer of the Donggwang section yields the most
diverse brachiopods of the Choristites Assemblage. It is
assumed that the assemblage inhabited an environment under
the influences of open marine conditions. However, the small
portion of limestone in the section, coupled with the relatively
small shell-size (e.g., Stenoscisma and Rhipidomella species) of
TABLE 1—Description of sedimentary facies for the Geumcheon-Jangseong Formation (modified from Lee and Chough, 2006b).
Sedimentary Facies Description
Crudely cross-stratified conglomerate (Ccd) Well sorted to moderately sorted and granule- to pebble-grade clasts in moderately sorted sand to
silt matrix; crudely cross-stratified or disorganized
Crudely cross-stratified sandstone (Scs) Poorly sorted to moderately sorted and well-rounded to subrounded coarse sandstone to granule-
grade conglomerate; crudely cross-stratified with discontinuous granule trains or streaks; meter-
scale cross stratification sets; sharp erosional lower boundary and gradational upper boundary
in some beds
Horizontally stratified sandstone (Sh) Moderately to well sorted fine to coarse sandstone; horizontally crudely stratified; alternation of
coarse sand and fine sand or discontinuous trains of well sorted granule and sand grain
Massive sandstone (Sm) Poorly sorted to moderately sorted and rounded medium to coarse sandstone; massive; commonly,
sharp planar upper and lower boundaries; gray, dark gray, yellowish gray
Gray homogeneous mudstone (Fg) Gray fine sandstone to mudstone; massive or homogeneous; occasionally, dark gray to black
mudstone chip or pyrite dispersed; partly, faintly laminated; variation in color—gray, yellowish
gray, greenish gray, and milky white; marine invertebrate fossils such as brachiopod, bivalve,
and crinoid in some beds
Laminated mudstone (Fl) Fine sandstone to mudstone; in part, discontinuous and wavy laminated; occasionally finer laminae
commonly reddish; partly fissile; calcareous nodule or pyrite appeared; occasionally, plant
fossils contained
Black shale (Sb) Black shale or coaly shale; partly laminated; laterally various in thickness; many plant fossils
occurred
Bioturbated wackestone to
packstone (Lb)
Wackestone to packstone, consisting of bluish gray matrix with bioclastic fragments such as
foraminifera and crinoid; partly bioturbated; mottled texture caused by selective dolomitization
of burrows; the burrows are mainly horizontal or subhorizontal and subordinately vertical;
regionally wedged or lenticular in bed geometry; chert nodules or layers regionally contained
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the brachiopods, most of which are preserved with still-
conjoined valves, indicates that the brachiopods probably
lived in a relatively quiet and partially restricted environment
(Fig. 11). Stenoscisma wooi is a very abundant species of the
Choristites Assemblage in the Donggwang section (Fig. 11.3).
It is likely that this species used its thickened ventral beak for
attachment to substrate.
Rhipidomella and Hustedia assemblages.—The MGL layer
of the Jangseong section consists of greenish gray, very fine-
grained sandstone locally mixed with silt (Subfacies Fg2). It is
about 5 cm thick and underlain by bioturbated wackestone
(JS2). The layer contains brachiopods, crinoid stems, and
trilobites. The brachiopod fauna is composed of Breileenia
radiata, Reticulatia? sp., Rhipidomella parva, Rhipidomella sp.
A, Rhipidomella sp. B, and Alispirifer sp. They are predomi-
nantly small in size. Most brachiopods are preserved as molds
of articulated shells.
The MG layer of the Jangseong section comprises homo-
geneous siltstone with weak fissility (Subfacies Fg3). The layer
is not associated with any limestone bed, unlike fossil-bearing
layers in the other two sections. Bivalves are predominant,
while brachiopods, crinoids, gastropods, and arthropods
occur occasionally (Yang et al., 1984; Yun and Yang, 1997).
The bivalve assemblage mainly comprises species of Astartella
and Aviculopecten. The brachiopod assemblage is composed of
Cleiothyridina sp., Hustedia paula, Spiriferella? sp., and
Spiriferellina sp. The brachiopod valves are partly deformed
by compression and mostly articulated. The crinoid stems are
articulated in most cases, and cirri are well-preserved (Lee and
Chough, 2006b, fig. 7.G). The disarticulated pygidia of
FIGURE 11—Reconstructed depositional environments and paleoecology of the various brachiopod assemblages in the Geumcheon-Jangseong
Formation. In this reconstruction, the Geumcheon-Jangseong Formation is considered to have been deposited in lagoonal (or marginal marine)
environments with localized deposition of carbonate and coal (Lee and Chough, 2006a, 2006b). Bioturbated limestone and horizontal burrows are
suggestive of shallow subtidal environments. Massive dark gray to black sandstone were formed in shoreface or sand barrier environments, while coal
beds were deposited in the marsh. Lithologic differences between sections and compositional differences in brachiopod assemblages suggest a variety of
marginal marine environments; and each brachiopod assemblage is believed to have been adapted to a particular ecological condition and depositional
regime (1–5). 1, Choristites Assemblage from SE and SF horizons of Gangdong section representing open marine setting (A1); 2, Choristites Assemblage
from SD horizon of Gangdong section representing oxygen-deficient offshore setting (A2); 3, Choristites Assemblage from MN horizon of Donggwang
section representing partly restricted marine setting (B); 4, Rhipidomella Assemblage from MGL horizon of Jangseong section representing partly
restricted marine setting (C); 5, Hustedia Assemblage from MG horizon of Jangseong section representing lagoon setting (also see text and Fig. 3 for
more discussion).
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trilobites belong to phillipsids. Most of specimens are
preserved as molds.
The absence of limestone beds except for two thin layers
implies that the Geumcheon-Jangseong Formation of the
Jangseong section was deposited in restricted marine environ-
ments protected by physical barriers (Fig. 11C, D). The
dominance of small brachiopod species from both the MGL
and MG layers in the Jangseong section and the articulated
pattern of most brachiopod valves also suggest that the
environment was partly isolated from an open marine
condition. However, articulation of crinoid stems and the
abundance of bivalves in the MG layer indicate that this layer
was deposited in a more restricted and calm environment,
probably a lagoon (Fig. 11D).
Living in a partly restricted marine environment, the
Rhipidomella Assemblage consists mainly of species of
Rhipidomella with small productoids such as Breileenia
radiata and Reticulatia? sp. (Fig. 11.4). Crinoids with rela-
tively thick stems were abundant and a few trilobites in-
habited the same space. In spite of the similarity between the
MGL and MN layers in physical conditions including
substrate type, they exhibit very different brachiopod compo-
sitions, except for the appearance of Rhipidomella. The
difference might have been driven by a change in food supply.
Overall the tiny shell-size of brachiopods and the higher
portion of productids, as displayed in the Rhipidomella
Assemblage, would suggest a lower-nutrient setting (Pe´rez-
Huerta and Sheldon, 2005).
The Hustedia Assemblage in restricted marine environments
is characterized by a dominance of Hustedia paula and
association with abundant bivalves and crinoids (Fig. 11.5).
Infaunal Astartella and epifaunal Aviculopecten (Zhang and
Yan, 1993; Quiroz-Barroso and Perrilliat, 1998) are dominant
in the bivalve assemblage and the crinoids are composed of
thin stems with several cirri. Trilobites similar to those
associated with the Rhipidomella Assemblage also shared the
niche with the Hustedia Assemblage.
BIOGEOGRAPHIC AFFINITIES
The Sino-Korean Block encompassing the Taebaeksan
Basin was located within the northeastern Paleo-Tethyan
ocean during the Pennsylvanian (Nie et al., 1990). Pennsylva-
nian strata comparable to that of the Taebaeksan Basin
also occur in the adjacent blocks including South China, the
Tarim Basin, and Indochina. Although their sedimentary
environments are different from those of Taebaeksan Basin,
these adjacent blocks yield comparable brachiopod assem-
blages.
Fan and He (1999) established a brachiopod assemblage
zone from the Moscovian strata of North China: the
Brachythyrina lata–Choristites yanghukouensis–Echinoconchus
elegans Assemblage Zone from the Benxi Formation of Shanxi
Province in North China. Also, Ozaki (1931) described a
diverse brachiopod fauna from the same formation, char-
acterized by numerous species of Choristites. The fauna is
closely comparable with the Choristites Assemblage of
Taebaek by sharing several species and genera, such as
Choristites paichingiensis,Meekella, Derbyia, and Stenoscisma,
and by the abundance of Choristites. On the other hand, the
Chonetes sarcinulatus–Chonetinella lata Assemblage of Fan
and He (1999) from the Kasimovian to Gzhelian of North
China is not comparable with any faunas from the Geum-
cheon-Jangseong Formation.
In the Pennsylvanian strata of South China, Jin and Liao
(1987) recognized the Choristites mansuyi–Semicostella pan-
xianensis and Buxtonia grandis Assemblages representing the
Bashkirian and Moscovian, respectively. Though the abun-
dance of Choristites in the Choristites mansuyi–Semicostella
panxianensis Assemblage is comparable to the Choristites
Assemblage of Taebaek, other constituents of this assemblage
are not known in the assemblages of the Taebaeksan Basin.
The succeeding Buxtonia grandis Assemblage does not share
any species with the assemblages of the Geumcheon-Jang-
seong Formation.
In the Tarim Basin in northwest China, Chen (2004)
proposed three Pennsylvanian brachiopod zones, namely
the early Moscovian Choristites abnormalis Zone, late Mos-
covian Purdonella artuxensis Zone, and the Kasimovian to
Gzhelian Linoproductus cora Zone. None of these faunas show
any particular affinities with the assemblages from the
Geumcheon-Jangseong Formation except for the abundance
of Choristites.
Yanagida (1975) described a Moscovian brachiopod fauna
from northern Thailand composed of 19 species belonging to
16 genera. Among them, Rhipidomella, Derbyia, Punctospi-
rifer, Martinia, Phricodothyris, and Stenoscisma are also
documented in the Choristites Assemblage of the Geum-
cheon-Jangseong Formation. However, the Thailand fauna is
distinct from the Choristites Assemblage in the paucity of
Choristites.
In conclusion, the Choristites Assemblage of the Taebaek-
san Basin shows a strong biogeographic link with the
Moscovian fauna of North China. Although Choristites is
regionally widespread in the Paleo-Tethys regions including
North China (Fan and He, 1999; Ozaki, 1931), South China
(Jin and Liao, 1987), the Tarim Basin (Chen, 2004), and also
in the Moscow Basin (Sarytcheva and Sokolskaya, 1952),
Choristites species from the Taebaeksan Basin are mostly
allied to those of North China. However, several species of the
Choristites Assemblage first occur in the Cisuralian strata of
North China (Fan and He, 1999), for example, Phricodothyris
reticulariformis, Rhipidomella, Buxtonia, Punctospirifer, and
Martinia. These faunal differences were presumably caused by
regional and local paleoecological controls.
The Rhipiomella and Hustedia Assemblages from the
Geumcheon-Jangseong Formation are relatively poor in
species diversity and abundance. In addition, they are
represented mostly by endemic taxa. Therefore, it is difficult
to compare these faunas with those of other regions for
biogeographical purpose. Nevertheless, it is worth noting that
some species of these assemblages, including Breileenia
radiata, Hustedia paula, and Alispirifer sp., show some
affinities with the older species of Gondwana and western
Paleo-Tethys. Breileenia radiata is common in the Visean of
England (Brunton and Lazarev, 1997), andHustedia paula and
Alispirifer sp. were common in the southern part of
Gondwana during Visean to Bashikirian times (Campbell,
1961; Maxwell, 1964; Roberts et al., 1976; Nazer, 1977). In
this regard, it is possible that the Taebaeksan Basin might be a
small refugium for these species, as a result of northward
migration driven by the global cooling through the late
Mississippian-Pennsylvanian.
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APPENDIX 1—Fusulinids from each limestone bed of the Geumcheon-Jangseong Formation
Limestone bed
(see also Fig. 3) Fusulinids Characteristics
GD1 Ozawainella turgida Sheng Pseudostaffella paracompressa Safonova Occurrence of abundant
O. magna Sheng P. antiqua (Dutkevich) foraminifera and crinoid stems
Taizehoella taizehoensis Sheng Beedeina samarica (Rauser-Chernoussova)
Neostaffella cuboides Rauser Eostaffella lijudmilae Rauser-Chernoussova
N. hanensis Cheong
GD2 Ozawainella turgida Sheng Pseudostaffella antiqua (Dutkevich) Occurrence of abundant
Beedeina paradistenta Safonova Fusulinella provecta Sheng foraminifera
Beedeina sp.
GD3 Ozawainella sp. Pseudostaffella paracompressa Safonova
Taizehoella taizehoensis Sheng Beedeina samarica (Rauser-Chernoussova)
Eostaffella ikensis Vissarionova Beedeina sp.
Pseudowedekindellina prolixa Sheng Schubertella obscura Lee & Shen
GD4 Beedeina lanceolate (Lee & Chen) Neostaffella cuboides Rauser Occurrence of abundant
B. acuta (Lee) N. hanensis Cheong foraminifera
B. samarica (Rauser-Chernoussova) Fusulinella bocki intermedia (Rauser-Chernoussova)
Beedeina sp. Fusulinella sp.
GD5 Ozawainella turgida Sheng Pseudostaffella paracompressa Safonova Occurrence of some
Neostaffella cuboides Rauser P. antiqua (Dutkevich) foraminifera
N. hanensis Cheong Pseudofusulina sp.
GD6 Ozawainella magna Sheng Pseudostaffella paracompressa Safonova Occurrence of foraminifera
Beedeina paradistenta Safonova P. antiqua (Dutkevich) of large size
Beedeina sp. Fusulinella bocki intermedia (Rauser-Chernoussova)
Fusulinella sp.
GD7 Beedeina sp. Neostaffella sphaeroidea (Ehrenberg) Large in size
Schwagerina campa Thomson Fusulina similis Gryzlova
GD8 Ozawainella turgida Sheng Pseudostaffella kimi Cheong
O. magna Sheng
MN Neostaffella sphaeroidea (Ehrenberg) Ozawainella sp. Large in size
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